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THE  USE  OF  APTAMERS  IN  BREAST  CANCER  ANTI-METASTASIS  THERAPY 


INTRODUCTION 

The  SELEX  (systematic  evolution  of  ligands  by  exponential  enrichment)  methodology,  an  in  vitro 
protocol  for  isolating  oligonucleotides  (aptamers)  that  bind  specifically  and  with  high  affinity  and 
reproducibility  to  protein,  is  proposed  to  be  used  for  the  first  time  in  producing  compounds  that 
block  lung  metastasis  of  breast  cancer  by  interfering  with  the  P4-integrin/  hCLCA2-mediated  tumor 
cell/endothelial  cell  adhesion.  The  SELEX  process  begins  with  a  starting  pool  of  oligonucleotides 
(approximately  lxlO17  ssRNA  molecules/pool),  each  containing  a  40-nucleotide  randomized  region 
that  is  nuclease-stabilized  by  using  2’-amino  pyrimidine  nucleotides  for  its  synthesis  and  that  is 
flanked  by  fixed  sequences  required  for  hybridization  of  primers  and  amplification  by  PCR.  The 
random  sequence  ssRNA  library  is  exposed  here  to  myc-tagged  human  integrin  P4  ectodomain 
(amino  acids  108  to  343)  produced  in  insect  cells  and  immobilized  on  nitrocellulose  filters. 
Aptamers  tightly  bound  to  the  protein  target  will  be  partitioned  from  the  rest  of  the  oligonucleotide 
pool,  reverse  transcribed,  amplified,  in  vitro  transcribed,  and  gel  purified.  The  process  of 
aptamer/target  protein  binding  will  be  repeated  for  about  25  cycles.  Evolving  species  of  integrin  p4- 
binding  aptamers  will  be  cloned  and  sequenced,  and  amplified  RNA  molecules  tested  for  their 
ability  to  inhibit  the  adhesion  between  hCLCA2  and  myc-tagged  integrin  P4  ectodomain.  Adhesion 
blocking  aptamers  will  then  be  evaluated  in  cell  adhesion  assays  and,  ultimately,  in  lung  colony 
assays  in  nude  mice,  using  lung-metastatic  MDA-MB-23 1  human  breast  cancer  cells  as  test  cells. 
This  study  represents  a  novel  and  highly  promising  approach  to  fighting  often  fatal  breast  cancer 
metastases. 
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BODY  (STUDIES  COMPLETED) 

The  original  targets  for  identifying  and  isolating  a  P4/hCLCA2  adhesion  inhibitory  aptamer  were 
full-length,  wild-type  (34  integrin  and  a  truncated  fy  ectodomain  comprising  amino  acids  1 08  to  343 
[p4  oo8-343):  I-domain-like  region].  The  former  was  iummunopurified  from  extracts  of  MDA-MB- 
231  human  breast  cancer  cells  as  described  by  our  laboratory  (1),  the  latter  from  culture  media  of 
transfected  insect  cells.  In  brief,  P4(108.343)-HA  (partial  influenza  hemagglutinin  sequence 
YPYDVPDYA)  with  Not\  sites  at  the  5’  and  3’  prime  ends  was  prepared  by  PCR,  using  human  p4 
integrin  cDNA  as  template.  The  PCR-fragment  was  then  ligated  into  the  Notl  site  of  the  baculovirus 
transfer  vector  pVL1392  (Invitrogen).  The  correct  orientation  and  placement  of  the  tag  was 
confirmed  by  sequencing.  A  recombinant  baculovirus  containing  p4n08.343)-HA  cDNA  was 
produced  by  homologous  recombination  in  Sf-9  cells  following  co-transfection  with  the 
pVL1392/  P4(ios-343)-HA  construct  and  linear  BaculoGold  viral  DNA,  according  to  the 
manufacturer’s  protocol  (Pharmingen)  (2).  Monolayers  of  107  Trichoplusia  ni  cells  were  infected 
with  plaque-purified  recombinant  virus  at  a  multiplicity  of  infections  of  10,  then  incubated  with 
serum-free  medium  (IRL-41)  supplemented  with  0.4  m M  ascorbic  acid  and  antibiotics  for  72  h 
(2,3).  Recombinant  P4(108.343)-HA  was  purified  from  culture  media  by  adsorption  to  anti-HA  mAb 
F-7  coupled  to  Protein  A-agarose  beads  and  eluted  competitively  with  “epitope  peptide”  (0.1  to  1 
mg/ml).  Unfortunately,  both  of  these  techniques  proved  to  be  unsuitable  in  preparing  an  adequate 
bait  for  aptamer  library  screening.  In  case  of  wild-type  P4  integrin,  the  principal  problems  were  poor 
harvest  and  insufficient  purity  of  the  P4-preparation  (e.g.,  co-precipitation  of  the  a6  integrin),  and  in 
case  of  P4(108  343)-HA  prepared  in  insect  cells,  the  problem  was  solubility  of  the  recombinant  protein 
(most  of  the  protein  was  insoluble  even  after  digestion  with  6M  urea).  Successful  production  of  a 
bait  was  achieved  only  after  identification  of  the  hCLCA2  binding  domain  of  the  P4  integrin.  Our 
strategy  of  finding  the  CLCA2-binding  domain  in  the  P4  integrin  subunit  was  similar  to  that  used 
for  identifying  the  ligand  binding  domains  of  other  P  integrins  such  as  P,  and  P3  (4,5).  These  latter 
studies  have  led  to  the  discovery  that  the  ligand  binding  domain  of  p  integrin  subunits  resides 
within  an  I-domain-like  structure  (e.g.,  this  region  spans  amino  acid  residues  121  to  355  of  p,  and, 
correspondingly,  residues  108  to  343  of  p4)  (6,7)  and  that  a  diverse  sequence  within  the  putative  I- 
domain-like  structure  of  the  P  subunits  accounts  for  their  ligand  binding  specificity  (5).  Based  on 
these  data,  we  used  overlap  extension  PCR  technology  to  swap  the  putative  ligand  binding  domain 
of  the  P4  integrin  (amino  acid  residues  184  to  203)  with  the  corresponding  domain  in  the  pj 
integrin  (amino  acid  residues  197  to  219),  both  located  within  a  large  predicted  loop  region  that 
contains  a  nucleus  that  is  not  conserved  among  known  integrin  p  subunits  (5)  (see  Chart  1).  After 


Chart  1:  Predicted  Loop  Region  in  P4  Integrin  I-Domain-like  Structure 
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verifying  the  mutation  by  sequencing  and  cloning  of  the  construct  P44_4  into  a  mammalian 
expression  vector  (pcDNA3.1/Zeo),  it  was  stably  transfected  into  a6-expressing  MCF7  breast 
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cancer  cells  (control:  MCF7  transfected  with  wild-type  (34  [wtp4]).  Surface  expression  was  verified 
by  immunoprecipitation  (IP)  of  (3414  (or  wt(34)  from  extracts  of  surface-biotinylated  transfectants 
(Figure  1).  Transfectant  clones  expressing  equally  prominent  amounts  of  wt  (34  or  P4_,_4  that 
both  were  co-precipitable  with  a6  (using  anti-a6  mAbGoH3)  were  recently  tested  for  adhesion  to 


D 

IP*  antbfU  mAb3E1 
W;  antt-fW  pAbHIOl 


1  2  3 


Well  Coating  (an.;  4aC)t 
□  BSA.(1%ji 
■  hCLCA2 

0  lirPepticte,  then  hCLCA2{2h) 

O  PrNptMte,  then  hCLCA2  <2h) 


Figure  2:  Binding  of  hCLCA2  to  P4-peptide  (swapped 
sequence):  Wells  of  96-well  microtitration  plates  were 
coated  with  either  BSA  (1%),  hCLCA2  (~3pg/ml),  (3,- 
peptide,  or  P4-peptide  (2mg/ml)  overnight  (o.n.)  at  4°C. 
Peptide-coated  plates  were  then  incubated  with  Myc- 
tagged  hCLCA2  for  2h  at  37°C.  Bound  hCLCA2  was 
detected  with  anti-Afyc  mAb  9E10  followed  by  goat  anti- 
mouse  IgG-HRP. 


Figure  1:  Western  blots  of  anti-f34  pAb  H101- 
(A)or  anti-P4  mAb  3E1  (B)  immunoprecipitates 
prepared  from  extracts  of  MDA-MB-231  (1),  MCF7 
transfected  with  wild-type  [34  (2),  and  MCF7 
transfected  with  (34 , 4  (3)  and  probed  with  anti-[34  pAb 
H101  (A  &  B)  or  anti-  P4  mAb  3E1  (B).  Notice:  mAb 
3E1  is  direct  against  the  swapped  region  of  the  P4 
integrin. 


hCLCA2  (3yg/ml) 


■  fcCUSAt 
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Figure  3:  Inhibition  of  Adhesion  of  MDA-MB-231 
breast  cancer  cells  to  hCLCA2  by  P4-peptide  (swapped 
sequence):  Wells  of  96-well  microtitration  plates  were 
coated  with  hCLCA2  (~3pg/ml)  overnight  at  4°C.  Wells 
were  washed  and  blocked  with  2.5%  BSA,  then  seeded  with 
MDA-MB-231  breast  cancer  cells  (lxlO5  cells/well)  in  the 
absence  ( black  bar )  or  presence  of  P4-peptide  (P4-peptide 
present  throughout  adhesion  assay:  gray  bar,  P4-peptide 
incubated  with  hCLCA2-coated  well  for  2h  at  37°C,  then 
removed:  stippled  bar),  or  in  the  presence  of 
corresponding  p,  peptide  ( open  bar).  The  percent  of  tumor 
cells  bound  specifically  to  hCLCA2  was  determined  as 
described  (1). 
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hCLCA2-coated  microtitration  plates.  The  selected  MCF7-wtP4  clone  adhered  to  hCLCA2 
(62±6%  specific  adhesion),  while  the  selected  MCF7-P4_,_4  clone  adhered  at  background  levels  to 
hCLCA2  (similar  to  untransfected  MCF7  cells  or  vector-transfected  cell  clones:  10±3%  specific 
adhesion).  Correspondingly,  a  synthetic  peptide  comprising  amino  acids  184  to  203  of  the  P4 
integrin  (swapped  sequence)  strongly  bound  hCLCA2  in  ELISA  (Figure  2)  and  totally  blocked 
adhesion  of  MDA-MB-23 1  breast  cancer  cells  to  hCLCA2  (Figure  3),  while  the  corresponding 
peptide  sequence  of  the  pt  integrin  and  a  scrambled  peptide,  respectively,  had  no  effect  (Figures  2 
&  3). 

The  identified  hCLCA2-binding  domain  of  the  P4  integrin  (double-cyclic,  synthetic  peptide  of  the 
P4  integrin  comprising  amino  acids  184  to  203)  as  it  can  be  prepared  in  large,  highly  pure 
quantities.  We  are  confident  to  complete  screening  of  the  aptamer  library  available  in  Dr.  Lis’ 
laboratory  at  Cornell  University  (see  original  application)  and  to  amplify  specifically  bound 
aptamers  by  the  end  of  the  year.  As  a  control  peptide  we  will  use  a  scrambled  version  of  the  p4- 
peptide  as  well  as  a  synthetic  peptide  representing  the  corresponding  region  in  the  P,  integrin 
(amino  acids  197  to  219:  this  peptide  has  been  examined  and  shown  not  to  affect  the  binding  of 
MDA-MB-23 1  to  hCLCA2).  Naturally,  we  will  acknowledge  support  from  the  Army  Research 
Institute  (DoD)  in  future  publications,  although  significant  additional  resources  will  be  used  to 
complete  this  very  promising  work. 
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KEY  RESEARCH  ACCOMPLISHMENTS 

•  Identification  of  the  hCLCA2-binding  domain  on  the  (34  integral  (swapping  with  corresponding 
sequence  of  the  (3,  integrin  abolishes  adhesion  of  tumor  cells  transfected  with  swapped  (34 , 4  to 
hCLCA2; 

•  Generation  of  synthetic  peptide  representing  the  hCLCA2-binding  domain  of  the  p4  integrin; 

•  Establishment  of  binding  specificity  of  synthetic  peptide  for  hCLCA2  using  ELISA  (control: 
corresponding  (3j  integrin  peptide); 

•  Dose-dependent  inhibition  of  the  (34/hCLCA2  adhesion  by  synthetic  peptide  (control  as  above) 

•  Generation  of  monoclonal  antibodies  against  the  hCLCA2 -binding  domain  of  the  (34  integrin 
that  exert  significant  anti-metastatic  effects  in  nude  mice  injected  with  MDA-MB-23 1  cells 


REPORTABLE  OUCOMES 

A  manuscript  describing  the  novel  hCLCA2-binding  sequence  on  the  (34  integrin  of  lung-metastatic 
human  breast  cancer  cells  is  currently  in  preparation.  In  this  manuscript,  emphasis  is  on  the  unique 
anti-metastatic  effects  of  (a)  a  synthetic  peptide  and  (b)  a  monoclonal  antibody  generated  against 
the  hCLCA2-binding  domain  of  the  f}4  integrin.  Both  of  these  tools  almost  totally  block  hCLCA2- 
adhesion  and  prevent  lung  colonization  of  MDA-MB-23 1  human  breast  cancer  cells.  These  data  are 
supported  by  the  above  described  transfection  experiments,  in  which  overexpression  of  the  (34 
integrin  was  associated  with  increased  lung-metastatic  performance,  while  overexpression  of  the 
dominant  negative  construct  significantly  decreased  metastasis. 


CONCLUSIONS 

Using  a  variety  of  molecular  techniques,  we  have  identified  the  hCLCA2-binding  domain  on  the  p4 
integrin.  Synthetic  peptides  and  monoclonal  antibodies  generated  against  this  domain  have  been 
shown  to  effectively  block  MDA-MB-23 1  breast  cancer  cell  adhesion  to  hCLCA2  in  vitro  and 
lung-metastasis  in  nude  mice.  By  identifying  the  hCLCA2-binding  domain  and  by  preparing  a 
synthetic  peptide  against  this  domain,  we  believe  to  have  generated  a  perfect  bait  for  isolating 
oligonucleotides  (aptamers)  that  specifically  bind  to  the  synthetic  peptide  sequence  and,  in  addition, 
block  the  adhesion  between  the  (34  integrin  and  hCLCA2,  thereby  preventing  lung  metastasis  of 
human  breast  cancer  cells.  Previously  proposed  baits  (full-length  P4  integrin;  [I4  ectodomain 
prepared  in  insect  cells)  proved  to  be  ineffective  as  discussed  in  the  “BODY”  of  the  progress 
report,  and  their  laborious  preparation  significantly  delayed  our  progress  in  identifying  functional 
aptamers.  However,  we  are  confident  that  in  the  next  few  months,  we  will  be  able  to  complete  the 
proposed  study,  although  funds  for  the  project  will  be  sparse. 
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Gruber,  Achim  D.,  Kevin  D.  Schreur,  Hong-Long  Ji, 
Catherine  M.  Fuller,  and  Bendicht  U.  Pauli.  Molecular 
cloning  and  transmembrane  structure  of  hCLCA2  from  hu¬ 
man  lung,  trachea,  and  mammary  gland.  Am.  J.  Physiol.  276 
{Cell Physiol.  45):  C1261-C1270, 1999,-The  CLCA family  of 
Ca2+-activated  Cl-  channels  has  recently  been  discovered, 
with  an  increasing  number  of  closely  related  members  iso¬ 
lated  from  different  species.  Here  we  report  the  cloning  of  the 
second  human  homolog,  hCLCA2,  from  a  human  lung  cDNA 
library.  Northern  blot  and  RT-PCR  analyses  revealed  addi¬ 
tional  expression  in  trachea  and  mammary  gland.  A  primary 
translation  product  of  120  kDa  was  cleaved  into  two  cell 
surface-associated  glycoproteins  of  86  and  34  kDa  in  trans¬ 
fected  HEK-293  cells.  hCLCA2  is  the  first  CLCA  homolog  for 
which  the  transmembrane  structure  has  been  systematically 
studied.  Glycosylation  site  scanning  and  protease  protection 
assays  revealed  five  transmembrane  domains  with  a  large, 
cysteine-rich,  amino-terminal  extracellular  domain.  Whole 
cell  patch-clamp  recordings  of  hCLCA2-transfected  HEK-293 
cells  detected  a  slightly  outwardly  rectifying  anion  conduc¬ 
tance  that  was  increased  in  the  presence  of  the  Ca2+  iono- 
phore  ionomycin  and  inhibited  by  DIDS,  dithiothreitol,  niflu- 
mic  acid,  and  tamoxifen.  Expression  in  human  trachea  and 
lung  suggests  that  hCLCA2  may  play  a  role  in  the  complex 
pathogenesis  of  cystic  fibrosis. 

calcium-activated  chloride  channel;  cystic  fibrosis 


ION  channels  play  a  crucial  role  in  many  diseases,  most 
notably  in  cystic  fibrosis,  where  a  genetic  defect  of  the 
cystic  fibrosis  transmembrane  conductance  regulator 
(CFTR)  is  responsible  for  the  disturbed  ion  transport 
(3,  19,  23,  25,  26,  30).  CFTR  is  a  multifunctional 
transport  protein  that  functions  not  only  as  an  epithe¬ 
lial  CD  channel  but  also  as  a  regulator  of  other  ion 
channels  and  cellular  pathways  (10,  29,  31).  Several 
studies  have  indicated  that,  in  addition  to  CFTR,  a 
Ca2+-activated  secretory  pathway  for  CD  may  play  an 
important  role  in  modulating  the  disease  severity  in 
various  tissues  of  cystic  fibrosis  patients  and  CFTR 
knockout  mice  (1, 4, 18,  20, 27, 33, 35).  However,  little  is 
known  about  the  molecular  basis  of  the  channels 
involved. 

Anew  family  of  proteins  has  recently  been  discovered 
that  mediate  a  Ca2+-activated  CD  conductance  in  a 
variety  of  tissues.  Four  members  of  this  family  have 
been  identified,  including  bovine  lung  endothelial  cell 


The  costs  of  publication  of  this  article  were  defrayed  in  part  by  the 
payment  of  page  charges.  The  article  must  therefore  be  hereby 
marked  “advertisement”  in  accordance  with  18  U.S.C.  Section  1734 
solely  to  indicate  this  fact. 


adhesion  molecule-1  (Lu-ECAM-1)  (8,  40),  bovine  Ca2+- 
activated  CD  channel  (CaCC  or  bCLCAl)  (6),  murine 
CLCA1  (mCLCAl)  (9),  and  human  CLCA1  (hCLCAl) 
(11).  Patch-clamp  studies  with  transfected  human  em¬ 
bryonic  kidney  (HEK-293)  cells  have  shown  that 
bCLCAl,  mCLCAl,  and  hCLCAl  mediate  a  Ca2+- 
activated  CD  conductance  that  can  be  inhibited  by  the 
anion  channel  blocker  DIDS  and  the  reducing  agent 
dithiothreitol  (DTT).  The  protein  size,  structure,  and 
processing  seem  to  be  similar  among  different  CLCA 
family  members  and  have  been  studied  in  most  detail 
for  Lu-ECAM-1  (8).  The  Lu-ECAM-1  open  reading 
frame  (ORF)  encodes  a  precursor  glycoprotein  of  130 
kDa  that  is  processed  to  a  90-kDa  amino-terminal 
cleavage  product  and  a  group  of  30-  to  40-kDa  glycopro¬ 
teins  that  are  glycosylation  variants  of  a  single  polypep¬ 
tide  derived  from  its  carboxy  terminus.  Both  subunits 
are  associated  with  the  outer  cell  surface,  but  only  the 
90-kDa  subunit  is  thought  to  be  anchored  to  the  cell 
membrane  via  four  transmembrane  domains  (8).  Based 
on  hydrophobicity  analyses,  analogous  structural  mod¬ 
els  have  been  suggested  for  mCLCAl  and  hCLCAl  (9, 
11).  Although  the  protein  processing  and  function  ap¬ 
pear  to  be  conserved  among  CLCA  homologs,  signifi¬ 
cant  differences  exist  in  their  tissue  expression  pat¬ 
terns.  For  example,  bovine  Lu-ECAM-1  is  expressed 
primarily  in  vascular  endothelia  (40),  bCLCAl  is  exclu¬ 
sively  detected  in  the  trachea  (6),  and  hCLCAl  is 
selectively  expressed  in  a  subset  of  human  intestinal 
epithelial  cells  (11).  Thus  the  emerging  picture  is  that 
of  a  multigene  family  with  members  that  are  highly 
tissue  specific,  similar  to  the  C1C  family  of  voltage¬ 
gated  CD  channels  (14).  A  role  for  CLCA  homologs  in 
the  complex  ion-trafficking  disorder  of  cystic  fibrosis 
has  been  speculated,  based  on  observations  that  the 
cellular  expression  patterns  of  bCLCAl,  mCLCAl,  and 
hCLCAl  overlap  with  that  of  CFTR  in  the  respective 
tissues  (6,  9,  11,  12).  Before  now  no  Ca2+-activated  CD 
channel  had  been  cloned  from  human  lung,  the  most 
severely  affected  organ  in  cystic  fibrosis. 

Here  we  describe  the  cloning  of  hCLCA2,  the  second 
hCLCA  family  member,  and  provide  a  detailed  account 
of  the  membrane  topology  of  this  new  CD  channel, 
using  glycosylation  site  scanning  and  protease  protec¬ 
tion  assays  (28,  38).  hCLCA2  is  selectively  expressed  in 
lung,  trachea,  and  mammary  gland.  Its  transient  ex¬ 
pression  in  HEK-293  cells  reveals  a  Ca2+-activated  CD 
conductance,  which  is  similar  to  that  of  previously 
cloned  CLCA  family  members. 
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CLONING  AND  STRUCTURE  OF  hCLCA2 


MATERIALS  AND  METHODS 

Isolation  and  cloning  of  the  hCLCA2  cDNA.  A  human  lung 
cDNA  library  (Clontech)  was  screened  as  described  (11)  using 
[a-32P]dCTP  nick-labeled  Lu-ECAM-1  cDNA  as  probe.  For 
hybridization  and  washing,  low-stringency  conditions  were 
applied  [2  washes  with  2X  standard  sodium  citrate  (SSC), 
0.1%  SDS  at  55°C  for  20  min,  followed  by  2  washes  with  0.4x 
SSC,  0.1%  SDS  at  40°C  for  10  min].  Positive  phage  clones 
were  amplified,  cloned  into  pBluescript  (Stratagene),  and 
sequenced.  Automated  sequencing  with  initial  plasmid- 
derived  primers  followed  by  internal  gene-specific  primers 
was  performed  by  the  Cornell  University  DNA  Sequencing 
Facility  using  dRhodamine  terminator  cycle  sequencing  on 
an  ABI  prism  377  DNA  sequencer  (PE  Applied  Biosystems). 
Missing  5'  and  3'  ends  of  the  isolated  cDNA  species  were 
completed  using  the  rapid  amplification  of  cDNA  ends  tech¬ 
nique  (RACE;  Life  Technologies).  For  expression  studies,  the 
2,832-bp  hCLCA2  ORF  was  PCR  amplified  from  human 
trachea  poly(A)+  RNA  (Clontech)  following  reverse  transcrip¬ 
tion  with  Superscript  RNase  H+  RT  (Life  Technologies)  and 
random  hexamer  priming.  PCR  was  performed  with  Pwo 
DNA  polymerase  [Boehringer;  initial  denaturation  at  94°C 
for  3  min,  35  cycles  at  94°C  for  50  s,  58°C  for  30  s,  and  72°C 
for  2  min,  with  a  time  increment  of  3  s/cycle  for  each  exten¬ 
sion  step  (72°C),  followed  by  a  final  extension  step  of  72°C 
for  8  min].  Primer  sequences  were  5'-GCGGCCGCTACAA- 
CATGACCCAAAGGAGC-3'  (upstream)  and  5'-GCGGCCGC- 
GACACTTTGGATATTTATTTATAATAATTTTGTTC-3  (down¬ 
stream),  with  Not  I  linkers  underlined.  PCR  products  were 
gel  purified,  incubated  with  Not  I,  and  cloned  into  the 
expression  vector  pcDNA3.1  (Invitrogen).  Four  different  full- 
length  PCR  products  were  sequenced  to  control  for  potential 
PCR-induced  sequence  errors. 

Northern  blot  and  RT-PCR  analyses.  Human  multiple 
tissue  Northern  blots  (Clontech)  contained  2  pg  poly(A)+  RNA 
per  lane  of  heart,  brain,  placenta,  lung,  liver,  skeletal  muscle, 
kidney,  pancreas,  spleen,  thymus,  prostate,  testis,  ovary, 
small  intestine,  colon  mucosa,  peripheral  blood  leukocytes, 
stomach,  thyroid,  spinal  cord,  lymph  node,  trachea,  adrenal 
gland,  or  bone  marrow.  In  addition,  total  RNA  was  isolated 
(Trizol  method,  Life  Technologies)  from  MCF-10A  cells  at  80% 
confluency  (American  Type  Culture  Collection).  MCF-10A 
total  RNA  (20  //g/lane )  and  human  mammary  gland  poly(A)+ 
RNA  (2  /zg/lane,  Clontech)  were  resolved  on  a  formaldehyde 
gel,  blotted  onto  nitrocellulose,  and  hybridized  with  the 
[a-32P]dCTP  nick-labeled  (RTS  RadPrime,  Life  Technologies) 
hCLCA2  cDNA  as  described  (11).  For  the  study  on  the 
hCLCA2  expression  pattern,  highly  stringent  washing  condi¬ 
tions  were  employed  (2  washes  with  2x  SSC,  0.1%  SDS  at 
55°C  for  20  min  followed  by  2  washes  with  0.1X  SSC,  0.1% 
SDS  at  65°C  for  20  min).  Autoradiographs  were  exposed  using 
an  intensifying  screen  at  -70°C  for  up  to  8  days.  Stripping  of 
the  blots  and  rehybridization  with  a  probe  for  the  housekeep¬ 
ing  gene  elongation  factor-la  (EF-la)  were  performed  to 
control  for  RNA  quality  and  loading  amounts  as  described 
previously  (13).  RT-PCR  was  performed  using  the  above- 
mentioned  conditions  and  primers  to  detect  hCLCA2  expres¬ 
sion  in  poly(A)+  RNA  samples  from  human  lung,  trachea, 
mammary  gland,  intestine,  and  spleen  (Clontech)  and  in  total 
RNA  isolated  from  MCF-10A  cells.  PCR  products  were  gel 
purified  (QIAquick  gel  extraction  kit;  Qiagen),  cloned  into  the 
pGem-T  vector  (Promega),  and  sequenced.  In  all  RT-PCR 
assays,  water,  substituting  for  RNA  in  the  reverse  transcrip¬ 
tion,  served  as  a  negative  control.  A  cDNA  fragment  of  EF-la 
was  amplified  to  control  for  conditions  of  reverse  transcrip¬ 
tion  and  PCR  (13). 


In  vitro  translation,  construction  of  glycosylation  mutants, 
and  protease  protection  assay.  The  hCLCA2  ORF  cloned  into 
the  expression  vector  pcDNA3.1  was  transcribed  and  trans¬ 
lated  with  the  TNT  T7  coupled  reticulocyte  lysate  system 
(Promega)  in  the  presence  of  L-[3BS]methionine  (Amersham). 
Reactions  were  carried  out  at  30°C  for  90  min  with  and 
without  canine  pancreatic  microsomal  membranes  (Pro¬ 
mega).  Samples  were  analyzed  by  8%  SDS-PAGE,  followed  by 
drying  of  the  gel  and  exposure  to  film  for  8  h. 

Six  cDNA  constructs  were  generated  with  an  asparagine 
(AAT  or  AAC)  to  glutamine  (CAA)  mutation  that  abolishes  a 
consensus  glycosylation  site  (NxS/T— >QxS/T).  These  muta¬ 
tions  (N150Q,  N292Q,  N522Q,  N637Q,  N822Q,  and  N938Q) 
were  positioned  between  adjacent  potential  transmembrane 
domains  as  determined  by  hydrophobicity  analysis  (Kyte- 
Doolittle  algorithm,  19  amino  acid  residues  per  window).  The 
constructs  were  generated  by  overlap  extension  PCR  as 
described  (11)  and  cloned  into  the  Not  I  site  of  pcDNA3.1, 
using  Not  I  site-incorporated  PCR  primers.  Correct  sequences 
of  the  products  were  verified  by  sequencing.  The  six  con¬ 
structs  were  in  vitro  translated  in  the  absence  or  presence  of 
microsomal  membranes  and  resolved  on  an  8%  ProSieve  50 
Tris/glycine  SDS-polyacrylamide  gel  (FMC  Bioproducts)  that 
enabled  optimal  resolution  in  the  high-molecular-mass  range. 
Molecular  masses  were  estimated  using  molecular  mass 
standards  and  a  digital  image  analysis  system  (Alphalmager; 
Alphalnnotech).  In  addition,  protease  protection  assays  were 
performed  as  described  (26).  Briefly,  in  the  presence  of 
microsomal  membranes  in  vitro  translated  and  35S-labeled 
wild-type  hCLCA2  was  incubated  with  proteinase  K  (Sigma; 
100  fig/ml)  for  60  min  on  ice  with  or  without  detergent  present 
(0.5%  Nonidet  P-40).  The  reaction  was  stopped  by  adding  5 
mM  phenylmethylsulfonyl  fluoride,  and  the  products  were 
analyzed  by  12%  SDS-PAGE,  drying  of  the  gel,  and  exposure 
to  film. 

Expression  of  Myc-tagged  protein  constructs  in  HEK-293 
cells.  Two  Myc-tagged  hCLCA2  constructs  were  generated  by 
inserting  a  partial  sequence  of  the  human  c-Myc  protein 
(EQKLISEEDL)  (5)  near  the  amino  or  carboxy  terminus  of 
hCLCA2  (between  amino  acids  33  and  34  or  725  and  726), 
using  overlap  extension  PCR  as  described  (11),  and  cloned 
into  pcDNA3.1.  Correct  sequences  were  verified  by  sequenc¬ 
ing.  DNA  constructs  were  transfected  into  70%  confluent 
HEK-293  cells  via  the  Lipofectamine  Plus  method  (Life 
Technologies)  using  20  fi\  Plus  reagent,  30  /A  lipid,  and  4  fig 
DNA/100-mm  dish  in  a  3-h  incubation.  Cells  were  lysed  48  h 
later  in  the  presence  of  protease  inhibitors  (1%  aprotinin,  1 
fiM  leupeptin,  2  mM  phenylmethylsulfonyl  fluoride).  Lysates 
were  resolved  via  10%  SDS-PAGE,  blotted,  and  probed  with 
mouse  anti-human  c-Myc  antibody  9E10  (Calbiochem),  fol¬ 
lowed  by  enhanced  chemiluminescence  detection  (ECL;  Amer¬ 
sham).  Surface  expression  of  the  proteins  was  shown  by 
surface  biotinylation  (Biotin  NHS,  Vector;  100  fig/ml )  of 
transfected  nonpermeabilized  HEK-293  cells  48  h  after  trans¬ 
fection  (20  min  at  37°C,  followed  by  extensive  washing  with 
PBS).  Immunoprecipitation  with  antibody  9E10,  incubation 
with  protein  G  beads,  boiling  of  the  beads  in  SDS  loading 
buffer,  and  SDS-PAGE  were  followed  by  blotting  and  detec¬ 
tion  with  peroxidase-conjugated  streptavidin  and  ECL.  To 
estimate  the  extent  of  hCLCA2  glycosylation,  9E10  immuno- 
precipitates  were  incubated  with  N-glycanase  (0.3  U/40  fi\ 
sample;  Genzyme)  at  37°C  for  18  h  before  sample  denatur¬ 
ation  and  loading  of  the  gel. 

Electrophysiology.  The  hCLCA2  cDNA  was  transiently 
transfected  into  HEK-293  cells,  which  lack  an  endogenous 
Ca2+-activated  Cl'  conductance  (9,  11,  41).  To  control  for 
transfection  efficiency  and  to  identify  transfected  cells,  the 
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same  cells  were  cotransfected  with  a  green  fluorescent  pro¬ 
tein  reporter  vector  (EGFP,  Clontech).  Parental  HEK-293 
cells  were  cultured  in  DMEM  with  10%  fetal  bovine  serum  in 
the  absence  of  antibiotics.  Cells  grown  on  collagen-coated 
glass  coverslips  placed  in  the  bottom  of  35-mm  dishes  were 
transfected  with  5  ]A  Lipofectamine,  0.5  fig  of  hCLCA2  cloned 
into  pcDNA3.1,  and  0.5  fig  of  EGFP  during  a  2-  to  3-h 
incubation  period  (Life  Technologies).  After  transfection,  cells 
were  allowed  to  recover  for  24  h  before  patch-clamp  recording. 
In  all  cases,  the  cells  that  were  cotransfected  with  hCLCA2 
and  EGFP  and  that  fluoresced  green  were  also  expressing  a 
Ca2+-sensitive  Cl-  conductance,  whereas  no  currents  were 
observed  in  mock-transfected  (EGFP  alone)  or  untransfected 
cells  (see  also  Refs.  9  and  11).  To  record  channel  activities 
under  whole  cell  conditions,  cells  were  superfused  at  1-2 
ml/min  with  bath  solution  (in  mM:  112  AI-methyl-D-glucamine 
chloride,  30  sucrose,  2  CaCl2,  2  MgCl2,  and  5  HEPES,  pH  7.4). 
Borosilicate  glass  electrodes  (tip  resistance  6-9  MO)  were 
filled  with  an  identical  solution  plus  5  mM  ATP.  In  some 
experiments  designed  to  examine  the  effect  of  4  fiM  ionomy- 
cin,  the  pipette  solution  also  contained  1  mM  EGTAand  0.366 
mM  CaCl2.  The  free  Ca2+  concentration  under  these  condi¬ 
tions  was  calculated  to  be  —25  nM.  After  seal  formation  (>1 
GG)  and  establishment  of  the  whole  cell  recording  configura¬ 
tion,  cells  were  clamped  at  +20  mV  and  currents  recorded  at 
room  temperature  using  an  Axopatch  200A  (Axon  Instru¬ 
ments,  Foster  City,  CA)  connected  to  a  personal  computer 
through  a  TL1  interface  (Axon)  with  12-bit  resolution.  The 
records  were  sampled  at  5-10  kHz  and  filtered  at  1-2  kHz 
with  a  four-pole  Bessel  filter.  The  current-voltage  relation¬ 
ship  of  hCLCA2  was  determined  using  300-ms  voltage  steps 
from  a  holding  potential  of  +20  mV  to  potentials  from  - 100  to 
+  100  mV  at  10-mV  intervals.  To  normalize  membrane  cur¬ 
rents  for  differences  in  cell  size,  the  capacitative  current 
transiently  recorded  in  response  to  a  10-mV  hyperpolarizing 
pulse  was  integrated  and  divided  by  the  given  voltage  to  give 
total  membrane  capacitance  for  each  cell. 


Nucleotide  sequence  accession  number.  The  GenBank  acces¬ 
sion  number  for  the  hCLCA2  sequence  is  AF043977. 

RESULTS 

Identification  and  cloning  ofhCLCA2.  A  human  lung 
cDNA  library  was  screened  with  Lu-ECAM-1  cDNA  as 
probe  in  an  attempt  to  isolate  a  CLCA  homolog  from 
human  lung.  After  the  sequencing  of  the  positive  clones 
and  completion  of  the  5 1  and  3'  cDNA  ends  by  the  RACE 
technique,  a  single  3.6-kb  cDNA  species  was  identified 
and  named  hCLCA2.  Sequence  accuracy  was  verified 
by  sequencing  of  four  different  full-length  RT-PCR 
products  from  human  trachea  mRNA  generated  by  the 
highly  accurate  Pwo  DNA  polymerase.  The  nucleotide 
sequence  shared  high  degrees  of  identity  with  those  of 
Lu-ECAM-1  (86%),  bCLCAl  (85%),  mCLCAl  (76%), 
and  hCLCAl  (63%).  Northern  blot  analyses  under 
highly  stringent  conditions  yielded  bands  of  the  ex¬ 
pected  size  of  3.6  kb  in  trachea  and  mammary  gland, 
whereas  all  other  tissues  tested  were  negative  (Fig.  1). 
Although  isolated  from  a  lung  cDNA  library,  hCLCA2 
was  not  detected  in  the  lung  by  Northern  blot  hybridiza¬ 
tion.  However,  the  more  sensitive  RT-PCR  revealed  its 
expression  in  lung  in  addition  to  trachea  and  mammary 
gland,  suggesting  a  significantly  lower  expression  level 
in  the  lung.  Because  of  RNA  analyses  from  whole  tissue 
extracts,  the  cell  types  expressing  hCLCA2  could  not  be 
identified.  However,  hCLCA2  was  also  detected  in  the 
nonmalignant  human  mammary  epithelial  cell  line 
MCF-10A  using  both  Northern  blot  and  RT-PCR  analy¬ 
ses  (Fig.  1),  suggesting  epithelial  expression  at  least  in 
the  mammary  gland.  All  PCR  products  were  sequenced, 
and  sequence  identities  with  the  cDNA  isolated  from 
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Fig.  1.  Northern  blot  hybridization  and  RT-PCR  analyses  of  hCLCA2  tissue  expression  pattern.  Poly(A)+  RNA 
(2  figflane)  from  human  tissues  and  mammary  epithelial  cell  line  MCF-10A  was  hybridized  with  a  32P-labeled  probe 
representing  the  hCLCA2  open  reading  frame  (ORF;  top  left).  Absence  of  a  signal  for  intestinal  hCLCAl  indicates 
specificity  for  hCLCA2.  Blots  were  stripped  and  rehybridized  with  a  probe  for  elongation  factor-la  (EF-la)  as  an 
internal  control  (bottom  left).  Exposure  times  were  48  h  (hCLCA2)  and  24  h  (EF-la).  Top  right :  RT-PCR  analysis  of 
hCLCA2  expression  in  human  tissues  and  cell  line  MCF-10A  with  primers  flanking  entire  ORF  (2,838  bp).  A  219-bp 
fragment  of  EF-la  was  amplified  to  control  for  RNA  quality  and  RT-PCR  conditions  ( bottom  right).  Negative 
controls  starting  from  reverse  transcription  included  sterile  water  instead  of  RNA. 


12 


C1264 


CLONING  AND  STRUCTURE  OF  HCLCA2 


the  lung  library  together  with  the  observed  signal  size 
of  3.6  kb  on  the  RNA  blots  indicated  that  both  the  RNA 
blot  and  RT-PCR  signals  in  fact  represented  hCLCA2. 

Characterization  of  the  hCLCA2  protein.  The  ORF  of 
the  hCLCA2  cDNA  encodes  a  943-amino  acid  polypep¬ 
tide  with  high  levels  of  amino  acid  sequence  identity 
with  Lu-ECAM-1  (76%),  bCLCAl  (76%),  mCLCAl 
(69%),  and  hCLCAl  (51%;  Fig.  2).  The  polypeptide  is 
preceded  by  a  canonical  signal  sequence  with  a  pre¬ 
dicted  signal  peptidase  cleavage  site  between  amino 
acids  31  and  32  (32).  The  predicted  size  of  the  full- 
length  protein  (104  kDa)  is  consistent  with  the  results 
of  an  in  vitro  translation  assay  yielding  a  primary 
translation  product  of  ~105  kDa  (Fig.  3A).  In  the 
presence  of  microsomal  membranes,  the  protein  was 
glycosylated  in  vitro  to  a  120-kDa  glycoprotein.  To 
ascertain  whether  the  hCLCA2  protein  is  cleaved  into 
two  subunits  in  mammalian  cells  as  reported  for  other 
CLCA  homologs  (8,  9,  11),  two  cDNA  constructs  were 
generated  with  a  c-Myc  tag  within  the  amino  or  carboxy 
terminus,  respectively  (constructs  “ml”  and  “m2”)  and 
transfected  into  HEK-293  cells.  In  fact,  immunoblots  of 
cell  lysates  probed  with  an  anti-Myc  antibody  identified 
an  86-kDa  protein  when  the  tag  was  inserted  near  the 
amino  terminus  (ml)  and  a  34-kDa  protein  when  the 
tag  was  situated  near  its  carboxy  terminus  (m2;  Fig. 
3B),  confirming  a  similar  cleavage  in  hCLCA2.  The 
presence  of  protease  inhibitors  in  the  lysis  buffer 
suggests  that  the  observed  cleavage  did  not  occur  after 
lysis  of  the  cells.  To  study  the  extent  of  glycosylation  of 
each  subunit,  immunoprecipitates  of  both  Myc-tagged 
constructs  from  transfected  HEK-293  cells  were  degly- 
cosylated  by  iV-glycanase  treatment.  The  86-  and  34- 
kDa  glycoproteins  were  reduced  in  size  by  11  and  2.5 
kDa,  proposing  approximately  four  and  one  glycosyla¬ 
tion  sites,  respectively  (Fig.  3 B).  Detection  of  the  two 
Myc-tagged  constructs  in  anti-Myc  antibody  immuno¬ 
precipitates  from  surface-biotinylated,  nonpermeabi- 
lized  HEK-293  cells  suggests  that  both  the  86-  and 
34-kDa  proteins  are  expressed  on  the  surface  of  the 
transfected  cells  (Fig.  3 C). 

To  elucidate  the  transmembrane  topology  of  hCLCA2, 
glycosylation  site  scanning  and  protease  protection 
assays  were  performed  as  described  for  other  channel 
proteins  (28,  38).  Potential  transmembrane  regions 
were  determined  using  a  hydrophobicity  analysis  (Fig. 
4).  Based  on  this  prediction,  six  glycosylation  knockout 
cDNA  constructs  were  generated,  each  having  a  single 
asparagine-to-glutamine  (N— *Q)  mutation  that  abol¬ 
ishes  a  consensus  glycosylation  site  between  two  adja¬ 
cent  potential  transmembrane  domains  (N150Q, 
N292Q,  N522Q,  N637Q,  N822Q,  and  N938Q).  Follow¬ 
ing  in  vitro  translation  and  glycosylation,  the  products 
were  analyzed  using  a  high-resolution  PAGE.  Mutation 
of  three  of  the  six  sites  (N150Q,  N522Q,  and  N822Q)  led 
to  a  reduction  in  size  of  the  respective  glycoproteins  by 
~2  kDa,  indicating  usage  of  these  sites  and  therefore 
extracellular  location  (Fig.  3A).  However,  lack  of  size 
reduction  of  the  remaining  constructs  did  not  necessar¬ 
ily  prove  intracellular  location  of  their  mutated  sites, 
because  an  extracellular  consensus  glycosylation  site 


may  not  have  been  used  due  to  sterical  hindrance. 
Therefore,  a  protease  protection  assay  was  performed 
to  determine  the  sizes  of  the  extracellular  domains, 
complementing  the  information  derived  from  the  glyco¬ 
sylation  site  scanning.  In  principle,  extracellular  loops 
are  protected  from  proteolysis  due  to  their  transloca¬ 
tion  into  the  lumen  of  lipid  microsomes,  functionally 
representing  the  endoplasmic  reticulum.  The  calcu¬ 
lated  sizes  of  each  possible  extracellular  domain  of 
hCLCA2  are  given  in  Fig.  4  with  ~2  kDa  to  be  added 
per  adjacent  transmembrane  domain.  Wild-type 
hCLCA2  was  in  vitro  translated  in  the  presence  of 
microsomal  membranes  and  digested  with  proteinase 
K  in  the  absence  or  presence  of  detergent.  Three 
degradation  products  of  18,  21,  and  30  kDa  were 
protected  from  proteolysis  in  the  absence  of  detergent 
(Fig.  3A),  indicating  their  extension  into  the  micro¬ 
somes.  In  the  presence  of  detergent,  the  protein  was 
fully  degraded.  Both  the  glycosylation  data  and  the 
sizes  of  protected  extracellular  domains  are  consistent 
with  a  five-transmembrane  topology  (Fig.  5).  In  the 
proposed  model,  the  fragments  protected  from  proteoly¬ 
sis  correspond  in  size  to  the  first  extracellular  domain 
(30  kDa,  resulting  from  27.7  kDa  plus  one  transmem¬ 
brane  segment,  tml),  the  second  extracellular  domain 
(18  kDa,  resulting  from  13.7  kDa  plus  two  transmem¬ 
brane  segments,  tm2  and  tm3),  and  the  third  extracel¬ 
lular  domain  (21  kDa,  resulting  from  16.8  kDa  plus  two 
transmembrane  segments,  tm4  and  tm5).  The  size  of 
the  21-kDa  fragment  also  indicates  degradation  and 
therefore  intracellular  location  of  the  carboxy-terminal 
tail  of  ~2  kDa.  Given  the  number  and  locations  of 
consensus  glycosylation  sites  of  the  primary  hCLCA2 
polypeptide  (Fig.  2),  this  transmembrane  model  is  also 
consistent  with  the  extent  of  glycosylation  of  the  two 
86-  and  34-kDa  subunits  as  detected  by  iV-glycanase 
treatment  (Fig.  3B).  Accordingly,  the  86-kDa  subunit 
contains  three  glycosylation  sites  within  the  first  (N74, 
N97,  and  N150)  and  one  within  the  second  extracellu¬ 
lar  loop  (N522),  whereas  only  one  site  (N822)  is  present 
within  the  extracellular  loop  of  the  34-kDa  cleavage 
product  (Fig.  5). 

When  compared  with  the  amino  acid  sequences  of 
previously  cloned  homologs,  hCLCA2  shares  a  number 
of  interesting  sequence  motifs.  For  example,  the  pat¬ 
tern  of  cysteine  residues  present  within  the  large 
amino-terminal,  extracellular  domain  of  all  previously 
cloned  homologs  is  conserved  in  hCLCA2  (Fig.  2).  Also 
conserved  is  the  consensus  site  for  monobasic  proteo¬ 
lytic  cleavage  following  arginine  residue  675  (7),  the 
location  of  which  is  consistent  with  the  sizes  of  the 
cleavage  products  of  86  and  34  kDa.  Analyses  of  the 
predicted  intracellular  domains  of  hCLCA2  revealed 
seven  consensus  phosphorylation  sites  for  protein  ki¬ 
nase  C  (PKC;  Fig.  5)  but  none  for  Ca2+/calmodulin 
protein  kinase  II  or  cAMP-dependent  protein  kinase. 

Electrophysiological  characterization  of  hCLCA2. 
Electrophysiological  studies  for  hCLCA2  were  con¬ 
ducted  in  a  manner  analogous  to  those  reported  for 
bCLCAl,  mCLCAl,  and  hCLCAl,  which  have  all  been 
shown  to  be  associated  with  activation  of  a  Ca2+- 
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Fig.  2.  Predicted  hCLCA2  amino  acid  sequence  aligned  (Clustal  method)  with  all  known  CLCAhomologs.  Identical 
amino  acids  are  indicated  by  dots;  dashes  represent  gaps.  Major  hydrophobic  regions  spanning  19  or  more  amino 
acid  residues  are  overlined  (S,  signal  sequence;  1-5,  transmembrane  domains).  Cysteine  residues  conserved  in 
amino-terminal  extracellular  domain  are  bold  and  enlarged.  Consensus  sites  are  marked  for  AMinked  glycosylation 
(*),  phosphorylation  by  protein  kinase  C  (PKC)  (:),  and  phosphorylation  by  cAMP-dependent  protein  kinase  (■). 
Arrow,  conserved  consensus  site  for  monobasic  proteolytic  cleavage;  2  adjacent  PKC  sites.  GenBank  accession 
numbers  are  AF039400  (hCLCAl),  U36455  (bCLCAl  or  CaCC),  AF001261  (Lu-ECAM-1),  andAF047838  (mCLCAl). 
Lu-ECAM-1,  lung  endothelial  cell  adhesion  molecule-1;  h,  human;  b,  bovine;  m,  murine. 
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Fig.  3.  Biochemical  analysis  of  the  hCLCA2  protein.  A:  in  vitro 
translation  without  (-M)  and  with  (+M)  processing  and  glycosyla¬ 
tion  by  microsomal  membranes.  Glycosylation  site  scanning  was 
performed  by  in  vitro  translation  of  6  glycosylation  knockouts 
[N150Q  to  N938Q;  wild  type  (wt)].  Unglycosylated  constructs  uni¬ 
formly  ran  at  105  kDa  (-M),  whereas  glycosylated  proteins  were  120 
kDa  (wt,  N292Q,  N637Q,  N938Q)  or  118  kDa  (N150Q,  N522Q, 
N822Q)  in  size  (+M;  8%  gel).  In  a  protease  protection  assay,  three 
fragments  of  18,  21,  and  30  kDa  were  protected  from  degradation  by 
proteinase  K  in  absence  of  detergent  (-D),  and  the  polypeptide 
was  fully  degraded  in  presence  of  detergent  (+D;  12%  gel).  In 
all  experiments,  L-[36S]methionine-labeled  proteins  were  detected 
by  SDS-PAGE,  drying  of  the  gel,  and  exposure  to  film  for  8  h. 
B:  immunoblot  detection  of  Myc-tagged  hCLCA2  constructs  overex¬ 
pressed  in  HEK-293  cells.  Tags  were  placed  near  the  amino  terminus 
(ml)  or  within  the  carboxy-terminal  cleavage  product  (m2;  see  Fig.  5). 
The  120-kDa  precursor  protein  was  processed  into  2  proteins  of  86 
kDa  (ml)  and  34  kDa  (m2).  The  somewhat  weaker  band  below  the 
34-kDa  band  (2nd  lane)  probably  represents  an  incomplete  glycosyla¬ 
tion  variant  of  this  protein,  which  may  not  be  visible  in  the  less 
abundant  120-kDa  precursor  due  to  lower  resolution  in  the  high- 
molecular-mass  range  of  this  blot.  Bands  at  65  and  67  kDa  represent 
endogenous  c-Myc.  Cell  lysates  including  protease  inhibitors  were 
resolved  by  10%  SDS-PAGE  48  h  after  transfection,  transferred  to  a 
membrane,  and  probed  with  anti-Myc  antibody  9E10.  Deglycosyla- 
tion  with  N-glycanase  (+G)  reduced  the  molecular  masses  from  86  to 
75  kDa  (ml)  and  from  33.8  to  31.4  kDa  (m2).  C:  analysis  of  surface 
expression  of  Myc-tagged  hCLCA2  constructs  ml  and  m2.  Trans¬ 
fected  HEK-293  cells  were  surface  biotinylated,  washed  extensively 
with  PBS,  and  lysed  in  the  presence  of  protease  inhibitors,  followed 
by  immunoprecipitation  with  anti-Myc  antibody  9E10,  SDS-PAGE, 
and  probing  with  horseradish  peroxidase-conjugated  streptavidin. 
Both  the  86-  and  34-kDa  proteins  were  biotinylated  and  therefore 
associated  with  the  apical  cell  membrane. 


sensitive  Cl"  conductance.  When  transiently  expressed 
in  HEK-293  cells,  hCLCA2  was  associated  with  an 
outwardly  rectified  current  that  was  activated  by  iono- 
mycin.  In  contrast,  nontransfected  cells,  cells  trans¬ 
fected  with  the  EGFP  vector  alone  (mock-transfected), 


Fig.  4.  Hydrophobicity  plot  of  hCLCA2  amino  acid  sequence  (Kyte- 
Doolittle  algorithm,  19  amino  acid  residues/window).  Hydrophobic 
domains  are  given  as  positive  values  (SS,  signal  sequence;  tml  to 
tm5,  transmembrane  regions).  Numbers  and  bars  above  curve  indi¬ 
cate  calculated  molecular  masses  between  transmembrane  domains, 
including  2  kDa  per  potential  glycosylation  site  for  interpretation  of 
results  of  protease  protection  assay.  Names  of  glycosylation  knockout 
mutants  (NxQ)  indicate  locations  of  their  abolished  glycosylation 
sites.  Sites  where  a  Myc  tag  was  placed  in  constructs  ml  and  m2  are 
indicated  with  arrows  under  curve.  Arrowhead,  consensus  site  for 
monobasic  proteolytic  cleavage.  Units  are  in  kcal/mol  (vertical  axis) 
and  first  amino  acid  residue/window  (horizontal  axis). 

or  transfected  cells  in  the  absence  of  ionomycin  were 
not  associated  with  any  significant  current  (Fig.  6).  The 
outwardly  rectifying  current-voltage  relationship  exhib¬ 
ited  by  hCLCA2-transfected  HEK-293  cells  exposed  to 
2  mM  Ca2+  in  the  pipette  was  absent  from  vector  alone 
transfected  cells  (Fig.  7)  (see  also  Refs.  9,  11,  39).  This 
current  was  sensitive  to  DIDS  (300  fiM),  DTT  (2  mM), 
niflumic  acid  (NFA;  100  //M),  and  tamoxifen  (10  /iM) 
(Fig.  8).  The  average  current  recorded  at  + 100  mV  was 
9.60  ±  2.87  pA/pF  and  was  reduced  to  0.15  ±  1.60  (SE) 
pA/pF  (n  =  5)  in  the  presence  of  DIDS.  Exposure  to  DTT 
reduced  the  mean  current  from  9.70  ±  6.42  to  1.96  ± 
2.09  pA/pF  (n  =  6).  Similarly,  both  NFA  and  tamoxifen 
reduced  the  current  from  a  mean  of  6.24  ±  4.75  to 


Fig.  5.  Proposed  transmembrane  topology  of  hCLCA2  with  transmem¬ 
brane  domains  numbered  1-5.  Dashed  lines,  locations  of  c-Myc  tag  in 
constructs  ml  and  m2.  Sites  of  asparagine-linked  glycosylation  (Nx) 
are  indicated  by  treelike  drawing.  Cx,  cysteine  residues  conserved 
among  all  known  CLCA  homologs;  Px,  consensus  sites  for  phosphory¬ 
lation  by  protein  kinase  C,  with  sites  conserved  among  all  known 
homologs  underlined;  arrow,  conserved  consensus  site  for  monobasic 
proteolytic  cleavage. 
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Fig.  6.  Representative  data  collected  from  individual  cells  illustrat¬ 
ing  Cl~  current  (Iqi)  expression  in  hCLCA2-transfected  HEK-293 
cells.  In  presence  of  low  (25  nM)  internal  Ca2+  and  high  (2  mM) 
external  Ca2+,  neither  untransfected  nor  mock- transfected  [green 
fluorescent  protein  reporter  vector  (EGFP)  alone]  HEK-293  cells 
showed  significant  current  expression  following  exposure  to  ionomy- 
cin  (IONO).  In  contrast,  in  hCLCA2-transfected  cells,  ionomycin 
exposure  resulted  in  appearance  of  an  outwardly  rectified  7ci- 


sively  expressed  in  the  intestine  (11).  Here  we  have 
described  a  second  human  family  member  that  is 
expressed  in  human  lung,  trachea,  and  mammary 
gland.  hCLCA2  shares  many  of  the  structural  and 
functional  peculiarities  of  its  homologs.  For  example, 
the  sizes  and  extent  of  glycosylation  of  the  primary  in 
vitro  translation  products  of  CLCA  homologs  are  con¬ 
served  within  the  family.  In  mammalian  cells,  the 
hCLCA2  primary  translation  product  was  cleaved  into 
86-kDa  amino-terminal  and  34-kDa  carboxy-terminal 
polypeptides  that  are  both  associated  with  the  outer 
cell  surface.  The  corresponding  cleavage  products  are 
90  and  38  kDa  for  Lu-ECAM-1  (8),  90  and  37-41  kDa 
for  hCLCAl  (11),  and  90  and  32-38  kDa  for  mCLCAl 
(9).  It  is  unclear  whether  there  are  any  structural  or 
functional  relationships  between  the  larger  amino- 
terminal  and  the  smaller  carboxy-terminal  polypep¬ 
tides  of  the  CLCA  homologs,  although  studies  with 
amino-  and  carboxy-terminal-truncated  constructs  of 
bCLCAl  have  suggested  that  the  carboxy-terminal 
cleavage  product  is  dispensable  for  channel  function 
(15).  Also  conserved  among  all  homologs  are  a  pattern 
of  amino-terminal,  extracellular  cysteine  residues,  a 
consensus  recognition  site  for  monobasic  proteolytic 
cleavage  that  is  consistent  with  the  sizes  of  the  two 
cleavage  products,  and  consensus  sites  for  phosphoryla¬ 
tion  by  PKC,  although  their  respective  functional  signifi¬ 
cance  remains  to  be  established. 

Detailed  biochemical  analyses  on  the  structure  of 
hCLCA2  revealed  a  five-transmembrane  topology  with 


0.64  ±  0.96  pA/pF  ( n  =  6)  and  from  12.05  ±  3.85  to 
1.02  ±  1.68  pA/pF  (n  =  5),  respectively  (Fig.  9).  In 
contrast,  no  significant  current  was  recorded  from  cells 
that  were  either  untransfected  or  transfected  with  the 
EGFP  vector  alone.  In  the  case  of  untransfected  cells, 
the  average  current  recorded  in  the  presence  of  2  mM 
Ca2+  in  the  pipette  was  1.57  ±  0.72  pA/pF  (n  =  8), 
whereas,  in  mock-transfected  cells,  the  current  in  the 
presence  of  Ca2+  was  0.97  ±  0.39  pA/pF  ( n  =  10).  When 
the  pipette  solution  contained  low  Ca2+  (—25  nM)  with 
2  mM  Ca2+  in  the  bath,  perfusion  of  the  Ca2+  ionophore 
ionomycin  through  the  bath  also  activated  the  current 
(Figs.  6  and  9).  Under  these  conditions,  average  cur¬ 
rents  in  vector  alone  transfected  and  untransfected 
cells  in  the  presence  of  ionomycin  were  1.52  ±  1.83  (n  = 
5)  and  0.22  ±  1.02  pA/pF  ( n  =  8),  respectively.  In 
hCLCA2-transfected  cells,  addition  of  ionomycin  in¬ 
creased  the  current  from  1.7  ±  1.04  to  10.77  ±  3.8 
pA/pF  (n  =  7,  P  <  0.001).  These  results  suggest  that 
expression  of  hCLCA2  in  HEK-293  cells  is  associated 
with  the  appearance  of  a  Ca2+-sensitive  Cl"  conduc¬ 
tance. 


DISCUSSION 

A  novel  family  of  Ca2"-activated  Cl"  channels  has 
recently  been  introduced  by  our  laboratories  (6,  8,  9, 11, 
12).  The  family  members  cloned  thus  far  are  the  bovine 
Lu-ECAM-1  (8, 40),  the  bovine  Ca2+-sensitive  Cl"  chan¬ 
nel  (CaCC  or  bCLCAl)  (6),  the  murine  mCLCAl  (9), 
and  a  first  human  homolog,  hCLCAl,  which  is  exclu- 


Time  (ms)  Time  (ms) 

Fig.  7.  Attenuation  of  hCLCA2  current  expression  by  Jci  inhibitors. 
In  presence  of  2  mM  intracellular  (pipette)  and  extracellular  Ca3+ 
(bath),  hCLCA2-transfected  HEK-293  cells  consistently  expressed 
CD  currents  with  a  maximum  amplitude  between  300  and  500  pA. 
Subsequent  exposure  to  300  mM  DIDS,  2  mM  dithiothreitol  (DTT), 
100  mM  niflumic  acid  (NFA),  or  10  mM  tamoxifen  resulted  in 
near-complete  inhibition  of  expressed  current.  Data  are  taken  from 
individual  cells. 
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Fig.  8.  Current-voltage  relationship  of  hCLCA2  expressed  in  HEK- 
293  cells.  Representative  data  collected  from  individual  cells  showing 
effect  of  inhibitors  on  whole  cell  currents  in  presence  of  2  mM 
intracellular  Ca2+.  Currents  recorded  from  untransfected  or  EGFP 
alone  transfected  cells  were  negligible  (see  text).  A:  current  expressed 
in  hCLCA2-transfected  cells  displayed  slight  outward  rectification 
with  maximal  activation  of  12.06  pA/pF  measured  at  +100  mV  (■). 
Subsequent  perfusion  with  300  //M  DIDS  resulted  in  inhibition  of  the 
current  to  0.66  pA/pF  (O).  B-D:  as  above,  using  inhibitors  DTT  (2 
mM,  B)  yielding  10.12  pA/pF  (■)  and  2.41  pA/pF  (O),  NFA  (100  /jM, 
C)  yielding  14.98  pA/pF  (■)  and  1.78  pA/pF  (O),  and  tamoxifen  (10 
}M,  D)  yielding  14.96  pA/pF  (■)  and  1.96  pA/pF  (O). 


three  transmembrane  domains  within  the  86-kDa 
amino-terminal  and  two  within  the  34-kDa  carboxy- 
terminal  cleavage  products.  This  result  is  at  variance 
with  the  models  proposed  for  earlier  cloned  CLCA 
homologs,  where,  based  on  the  much  less  reliable 
hydrophobicity  analyses  alone,  four  transmembrane 
regions  have  been  suggested,  all  located  within  the 
larger  amino-terminal  cleavage  product  (6,  8,  9,  11).  A 
consequence  of  this  difference  is  the  intracellular  loca¬ 
tion  of  the  predicted  cleavage  site  between  the  two 
hCLCA2  subunits  and  extracellular  locations  for  the 
proposed  models  for  Lu-ECAM-1,  mCLCAl,  and 
hCLCAl.  Therefore,  the  data  on  the  CLCA  homologs 
other  than  hCLCA2  need  to  be  reevaluated,  and  analo¬ 
gous  biochemical  studies  will  have  to  be  performed  for 
each  family  member.  Given  similar  functional  charac¬ 
teristics  among  CLCA  homologs,  it  is  likely  that  the 
established  hCLCA2  transmembrane  topology  will  serve 
as  the  prototype  for  all  members  of  this  channel  family. 


Measurements  on  the  Ca2+ -activated  CL  conduc¬ 
tance  of  hCLCA2  were  performed  in  transfected  HEK- 
293  cells.  This  cell  line  was  chosen  because  it  is  devoid 
of  any  intrinsic  Ca2+-activated  CL  conductance  (41). 
Consistent  with  previous  findings  on  CLCA  homologs, 
the  Ca2+  ionophore  ionomycin  elicited  an  increase  in 
whole  cell  current  in  hCLCA2-expressing  HEK-293 
cells.  This  current  was  sensitive  to  standard  inhibitors 
of  CL  channels,  such  as  DIDS,  NFA,  and  tamoxifen. 
Although  Ca2+  was  present  in  the  bath  at  unphysiologi- 
cal  concentrations  (2  mM),  recent  evidence  suggests 
that  ionomycin  may  release  Ca2+  from  the  endoplasmic 
reticulum  store  exclusively,  in  which  case  its  concentra¬ 
tion  only  increases  in  the  range  of  200-500  nM  (34). 
The  data  presented  here  do  not  unequivocally  prove 
that  hCLCA2  forms  an  anion  channel  itself  but  would 
also  be  consistent  with  a  role  of  hCLCA2  as  a  regulator 
of  an  as-yet-unidentified,  endogenous  channel  that  by 
itself  is  not  sensitive  to  Ca2+.  However,  it  has  been 
shown  that  the  closely  related  bovine  tracheal  bCLCAl 
forms  a  genuine  channel  protein  when  reconstituted 
into  planar  lipid  bilayers  (16,  24).  Under  the  conditions 
used  in  the  present  study,  we  did  not  observe  any  time 
dependence  of  activation  of  the  Ca2+-sensitive  current. 
Although  time-dependent  activation  of  Ca2+-sensitive 
CL  currents  has  been  previously  reported  in  epithelial 
cells  (2,  37),  the  lack  of  such  a  characteristic  may  reflect 
the  use  of  a  heterologous  expression  system  and  the 
loss  of  associated  proteins  that  confer  this  property 
(17).  Alternatively,  hCLCA2  may  not  underlie  the  time- 
dependent  Ca2+-sensitive  current  recorded  from  native 
airway  cells,  even  though  it  is  expressed  in  that  tissue. 
The  observation  that  the  hCLCA2-associated  current  is 
also  sensitive  to  the  anti-estrogen  tamoxifen  is  also 
consistent  with  a  role  for  the  expressed  protein  as  an 


Fig.  9.  Summary  of  effects  of  ionomycin  and  inhibitors  on  hCLCA2 
current  expression  recorded  at  +100  mV.  In  presence  of  low  cytosolic 
free  Ca2+  (~25  nM),  exposure  of  EGFP  alone  transfected  and 
untransfected  HEK-293  cells  in  presence  of  ionomycin  yielded  cur¬ 
rents  of  1.52  ±  1.83  (re  =  5)  and  0.22  ±  1.02  (SE)  pA/pF  (re  =  8), 
respectively.  Exposure  of  hCLCA2-transfected  cells  to  ionomycin 
resulted  in  an  increase  in  current  from  1.69  ±  1.04  to  10.77  ±  3.8 
pA/pF  (re  =  7;  *P  <  0.001).  When  internally  perfused  with  solutions 
containing  2  mM  Ca2+,  transfected  cells  exhibited  a  maximal  current 
of  9.27  ±  4.91  pA/pF  (re  =  22;  *P  <  0.001).  Exposure  to  DIDS  (300 
/zM),  DTT  (2  mM),  NFA(100  fiM),  or  tamoxifen  (10  /zM)  inhibited  the 
maximally  activated  currents  to  0.152  ±  1.6, 1.95  ±  2.09, 0.64  ±  0.96, 
or  1.02  ±  1.68  pA/pF,  respectively. 
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anion  channel.  Several  other  anion  channels,  notably  a 
volume-regulated  channel  described  in  Ehrlich  ascites 
tumor  cells  (22),  a  Ca2+-activated  Cl"  current  identified 
in  arterial  endothelial  cells  (21),  and  a  member  of  the 
C1C  family  of  Cl-  channels  (39),  were  also  shown  to  be 
sensitive  to  this  compound.  Considering  the  expression 
of  hCLCA2  in  human  breast  epithelium,  it  remains  to 
be  established  whether  its  sensitivity  to  tamoxifen 
plays  any  role  in  the  effectiveness  of  this  drug  against 
breast  cancer. 

The  function  of  hCLCA2  as  a  mediator  of  a  Ca2+- 
activated  Cl-  current  and  its  expression  in  human  lung 
and  trachea  warrant  future  investigations  aimed  at  its 
potential  involvement  in  the  complex  ion-secretory 
disorder  of  cystic  fibrosis.  Especially  intriguing  is  the 
question  whether  it  may  form  a  viable  alternate  Cl" 
channel  that  could  be  exploited  for  pharmacological 
targeting  to  circumvent  the  defect  of  the  CFTR  Cl" 
channel.  Studies  in  other  systems,  including  animal 
models  of  cystic  fibrosis,  have  shown  that  a  Ca2+- 
sensitive  Cl"  conductance  is  present  in  cystic  fibrosis 
cells  and  may  even  be  upregulated.  This  observation  is 
particularly  relevant  in  the  cystic  fibrosis  knockout 
mouse  model,  where  expression  of  an  as-yet-unidenti- 
fied  Ca2+-  and  DIDS-sensitive  Cl"  conductance  is 
thought  to  rescue  the  cystic  fibrosis  mouse  from  signifi¬ 
cant  airway  disease  (10,  27,  36).  In  the  same  CFTR 
(-/-)  mouse,  lethal  intestinal  pathology  is  associated 
with  absence  of  a  Ca2+-activated  pathway  for  Cl" 
secretion,  whereas  expression  of  a  Ca2+-sensitive  Cl" 
conductance  in  the  murine  intestine  is  thought  to 
compensate  for  the  lack  of  CFTR  function  and  rescue 
the  intestinal  phenotype  (4,  36).  However,  to  what 
extent  the  Ca2+-sensitive  Cl”  conductance  may  substi¬ 
tute  for  the  defective  CFTR  in  human  cystic  fibrosis  is 
unclear,  especially  since  data  obtained  in  CFTR  (— /— ) 
mice  may  not  be  readily  extrapolated  to  human  cystic 
fibrosis  due  to  their  significantly  different  cystic  fibrosis 
phenotypes  (3,  4,  27,  30).  A  future  challenge  will  be  to 
establish  whether  differences  in  tissue-specific  chan¬ 
nels  between  species  contribute  to  the  differences  ob¬ 
served  between  the  phenotypes  of  cystic  fibrosis  pa¬ 
tients  and  murine  CFTR  knockouts. 
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Adhesion  of  blood-borne  cancer  cells  to  the  endothe¬ 
lium  is  a  critical  determinant  of  organ-specific  metasta¬ 
sis.  Here  we  show  that  colonization  of  the  lungs  by  hu¬ 
man  breast  cancer  cells  is  correlated  with  cell  surface 
expression  of  the  asp4  integrin  and  adhesion  to  human 
CLCA2  (hCLCA2),  a  Ca2+-sensitive  chloride  channel  pro¬ 
tein  that  is  expressed  on  the  endothelial  cell  luminal 
surface  of  pulmonary  arteries,  arterioles,  and  venules. 
Tumor  cell  adhesion  to  endothelial  hCLCA2  is  mediated 
by  the  p4  integrin,  establishing  for  the  first  time  a  cell¬ 
cell  adhesion  property  for  this  integrin  that  involves  an 
entirely  new  adhesion  partner.  This  adhesion  is  aug¬ 
mented  by  an  increased  surface  expression  of  the  a6fS4 
integrin  in  breast  cancer  cells  selected  in  vivo  for  en¬ 
hanced  lung  colonization  but  abolished  by  the  specific 
cleavage  of  the  (I4  integrin  with  matrilysin.  (i4  integrin/ 
hCLCA2  adhesion-blocking  antibodies  directed  against 
either  of  the  two  interacting  adhesion  molecules  inhibit 
lung  colonization,  while  overexpression  of  the  (14  inte¬ 
grin  in  a  model  murine  tumor  cell  line  of  modest  lung 
colonization  potential  significantly  increases  the  lung 
metastatic  performance.  Our  data  clearly  show  that  the 
J34/hCLCA2  adhesion  is  critical  for  lung  metastasis,  yet 
expression  of  the  p4  integrin  in  many  benign  breast  tu¬ 
mors  shows  that  this  integrin  is  insufficient  to  bestow 
metastatic  competence  on  cells  that  lack  invasiveness 
and  other  established  properties  of  metastatic  cells. 


Colonization  of  secondary  organs  by  blood-borne  cancer  cells 
marks  the  final,  usually  fatal  stage  in  a  long,  multistep  cascade 
of  tumor  progression  that  is  propelled  by  an  array  of  acquired, 
cumulative,  genetic  abnormalities  and  promoting  tissue  micro¬ 
environmental  cues  (1-5).  Increasing  evidence  suggests  that 
tumor  cell  targeting  of  preferred,  secondary  organs  for  metas¬ 
tasis  is  mediated  by  distinct  endothelial  cell  adhesion  mole¬ 
cules  (6-8).  These  molecules  are  expressed  constitutively  (or- 
gan-specifically)  on  the  endothelial  cell  luminal  surface  of 
select  vascular  compartments  (e.g.  capillaries,  arterioles, 
and/or  venules)  (7).  By  binding  blood-borne  cancer  cells  at  high 
affinity,  these  molecules  mediate  vascular  arrest  of  tumor  cells 
under  hydrodynamic  conditions  (6-9)  and,  as  shown  recently, 
promote  intravascular  growth  to  form  tumor  colonies  at  these 


*  This  work  was  supported  by  NCI,  National  Institutes  of  Health, 
Public  Health  Service  Grants  CA47668  and  CA71626  (to  B.  U.  P.).  The 
costs  of  publication  of  this  article  were  defrayed  in  part  by  the  payment 
of  page  charges.  This  article  must  therefore  be  hereby  marked  “adver¬ 
tisement”  in  accordance  with  18  U.S.C.  Section  1734  solely  to  indicate 
this  fact. 

#  To  whom  correspondence  should  be  addressed:  Cancer  Biology  Lab¬ 
oratories,  Dept,  of  Molecular  Medicine,  Cornell  University  College  of 
Veterinary  Medicine,  Ithaca,  New  York  14853.  Tel.:  607-253-3343;  Fax: 
607-253-3708;  E-mail:  bupl@cornell.edu. 


secondary  target  sites  (10,  11).  Using  a  unique  large  vessel 
endothelial  cell  system,  in  which  an  organ-specific  vascular 
phenotype  can  be  induced  by  growing  “neutral”  bovine  aortic 
endothelial  cells  on  matrix  extracts  of  that  organ  (12),  a  lung- 
specific  endothelial  cell  adhesion  molecule,  termed  Lu-ECAM-1 
(lung-endothelial  cell  adhesion  molecule-1)  was  isolated,  puri¬ 
fied,  and  cloned  by  our  laboratory  (13-15).  Lu-ECAM-1  is  the 
prototype  of  a  newly  discovered  mammalian  family  of  proteins 
(termed  CLCAs,  for  CU  channel  proteins,  Ca2+ -activated)  (13), 
which,  similar  to  the  cystic  fibrosis  transmembrane  conduct¬ 
ance  regulator  (16,  17),  serve  the  dual  function  of  mediating 
chloride  conductance  and  cell-cell  adhesion  (16-18).  Lu- 
ECAM-1  protein,  like  all  other  members  of  the  CLCA  family,  is 
synthesized  as  an  ~125-kDa  precursor  protein  that,  upon 
membrane  incorporation,  is  rapidly  processed  into  N-terminal 
90-kDa  and  C-terminal  35-kDa  components  (15,  18).  The  90- 
kDa  polypeptide  is  responsible  for  the  adhesion  qualities  of 
CLCAs,  promoting  the  Ca2+-dependent  adhesion  of  a  variety  of 
lung  metastatic  cancer  cells  but  not  cancer  cells  that  metasta¬ 
size  to  other  organ  sites  (12-15). 

In  this  report,  I1CLCA21  cloned  from  a  lung  cDNA  library 
(19)  is  identified  as  the  human  counterpart  of  Lu-ECAM-1.  We 
show  that  hCLCA2  is  expressed  by  endothelia  from  different 
lung  vascular  compartments  and  that  lung  colonization  of  es¬ 
tablished  human  breast  cancer  cell  lines  is  dependent  upon  the 
tumor  cells’  ability  to  interact  with  hCLCA2.  Breast  cancer  cell 
adhesion  to  hCLCA2  is  mediated  by  the  p4  integrin,  which  is 
prominently  expressed  in  breast  cancer  cells  that  are  able  to 
colonize  the  lungs  upon  tail  vein  injection  of  nude  mice  (20). 
Cell-to-cell  adhesion  assays,  adhesion-blocking  assays  with  an¬ 
tibodies  generated  against  either  of  the  two  interacting  mole¬ 
cules,  and  overexpression  of  04  in  a  murine  model  tumor  cell 
line  are  used  to  confirm  involvement  of  the  04  integrin/hCLCA2 
adhesion  mechanism  in  lung  metastasis.  Together,  our  data 
confirm  that  the  a604  integrin  is  a  lung  metastasis-associated 
gene  (21)  and  establish  for  the  first  time  a  cell-to-cell  adhesion 
property  for  the  ji4  integrin  that  involves  an  entirely  new 
integrin  adhesion  partner. 

EXPERIMENTAL  PROCEDURES 

Antibodies  and  Reagents — Anti-Lu-ECAM-1  mAb  6D3  was  produced 
in  BALB/c  mice  (22)  and  selected  for  adhesion  blocking  of  B16-F10 
melanoma  cells  to  Lu-ECAM-l-expressing  bovine  aortic  endothelial 
cells  (13,  14).  Rabbit  polyclonal  antibodies  (pAbs)  4  and  18  were  gener- 


1  The  abbreviations  used  are:  hCLCA2,  human  CLCA2;  mCLCAl, 
mouse  CLCA1;  mAb,  monoclonal  antibody;  pAb,  polyclonal  antibody; 
HMVEC-L,  human  lung  microvascular  endothelial  cells;  HAEC,  human 
aortic  endothelial  cells;  HUVEC,  human  umbilical  vein  endothelial 
cells;  HEK,  human  embryonic  kidney;  RT,  reverse  transcriptase;  PCR, 
polymerase  chain  reaction;  PAGE,  polyacrylamide  gel  electrophoresis; 
BSA,  bovine  serum  albumin;  HRP,  horseradish  peroxidase;  FACS,  flu¬ 
orescence-activated  cell  sorting;  DMEM,  Dulbecco’s  modified  Eagle’s 
medium. 


25438  This  paper  is  available  on  line  at  http://www.jbc.org 
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Fig.  1.  Endothelial  cell  expression  of  hCLCA2.  A-F,  sections  (2 
Ii m  thick)  from  paraffin-embedded,  formaldehyde-fixed  lung  tissue 
blocks  were  stained  with  rabbit  anti-hCLCA2  pAb  4  at  a  dilution  of 
1:100  (A,  C,  and  E)  or  rabbit  preimmune  IgG  (B,  D,  and  F).  Bound 
antibody  was  detected  by  HRP-conjugated  goat  anti-rabbit  IgG  antibod¬ 
ies  and  diaminobenzidine  as  substrate.  A  positive  staining  reaction  is 
observed  in  small  arteries  (A),  arterioles  (C),  and  venules  of  interlobular 
septa  ( E ).  Comparable  vessels  stained  with  preimmune  serum  are  neg¬ 
ative  ( B ,  D,  F).  Bar,  100  pm.  G  and  H,  expression  of  hCLCA2  in  cultured 
endothelial  cells  is  shown  by  RT-PCR  amplification  of  an  800-base  pair 
hCLCA2  product  from  total  RNA  of  HMVEC-L  ( lane  1),  HAEC  ( lane  2), 
and  HUVEC  ( lane  3)  but  not  HEK293  (lane  4)  (see  “Experimental 
Procedures”)  and  of  the  full-length  2.9-kilobase  pair  hCLCA2  open 
reading  frame  from  HMVEC-L  RNA  (G)  and  by  FACS  analysis  of 
HMVEC-L  stained  with  rabbit  anti-hCLCA2  pAb  4  ( open  histogram)  or 
rabbit  preimmune  IgG  ( closed  histogram)  and  fluorescein  isothiocya¬ 
nate-conjugated  goat  anti-rabbit  IgG  (H). 

ated  against  the  hCLCA2  peptides  KANNNSKIKQESYEKANV  (amino 
acids  94-111)  and  ESTGENVKPHHQLKNTVTVD  (amino  acids  498- 
517),  respectively.  Antibodies  against  the  04  integrin  ectodomain  in¬ 
cluded  mouse  mAb  3E1  (Life  Technologies,  Inc.),  rabbit  pAb  H101 
(Santa  Cruz  Biotechnology,  Inc.,  Santa  Cruz,  CA),  and  rabbit  pAb 
81435  directed  against  TA3/HA  mouse  mammary  carcinoma  cells  (Dr. 
E.  Roos,  The  Netherlands  Cancer  Institute,  Amsterdam)  (23).  Rat  anti¬ 
human  ae  integrin  mAb  GoH3  was  from  PharMingen  (San  Diego,  CA), 
mouse  anti-human  (31  mAb  2253  from  Chemicon  (Temecula,  CA),  and 
mouse  anti-human  Myc  mAb  9E10  and  anti-phosphotyrosine  mAb  from 
Calbiochem.  Human  placental  and  murine  EHS  laminins  as  well  as  all 
other  reagents  were  from  Sigma. 

Cell  Cultures — Human  breast  cancer  cell  lines  MDA-MB-231,  -435, 
-468,  and  -453  and  MCF7  were  from  the  ATCC  (Manassas,  VA).  MDA- 


MB-435L2  was  from  Dr.  J.  E.  Price  (The  University  of  Texas  M.D. 
Anderson  Cancer  Center,  Houston,  TX)  (20),  and  MDA-MB-435  trans¬ 
fected  with  wild  type  human  0 4  integrin  or  tailless  04  integrin  (04Acyt) 
were  from  Dr.  A.  M.  Mercurio  (Beth  Israel  Deaconess  Medical  Center 
and  Harvard  Medical  School,  Boston,  MA)  (24).  Human  lung  microvas- 
cular  endothelial  cells  (HMVEC-L)  and  human  aortic  endothelial  cells 
(HAEC)  were  from  Clonetics  (San  Diego,  CA).  Human  umbilical  vein 
endothelial  cells  (HUVEC),  human  embryonic  kidney  293  cells 
(HEK293),  and  Kirsten  Ras-transformed  Balb/3T3  (K-Balb/3T3)  cells 
were  from  the  ATCC.  HMVEC-L  were  grown  in  EGM-2-MV  BulletKit 
medium  (Clonetics),  and  all  others  were  grown  in  Dulbecco’s  modified 
Eagle’s  medium  (DMEM)  supplemented  with  10%  heat-inactivated  fe¬ 
tal  bovine  serum  (Life  Technologies). 

RT-PCR  Analyses — Total  RNA  isolated  from  HMVEC-L,  HAEC,  and 
HUVEC  was  reverse-transcribed,  and  an  800-base  pair  hCLCA2  prod¬ 
uct  amplified  by  PCR,  using  ttctctacaacatgacccaaaggagc  and  catgg- 
gaaagetgtggtgaaag  as  5'  and  3'  primers,  respectively,  and  Taq  polym¬ 
erase  (Life  Technologies)  (19).  The  full-length  2.9-kilobase  pair  open 
reading  frame  of  hCLCA2  was  amplified  from  HMVEC-L  RNA,  using 
primers  corresponding  to  the  5'  (ttctctacaacatgacccaaaggagc)  and  3’ 
(gacactttggatatttatttataataattttgttc)  ends  of  the  hCLCA2  open  reading 
frame.  Both  primer  sets  were  tested  on  cloned  plasmid  templates  to 
ascertain  that  they  would  not  recognize  other  CLCA  homologs.  RNA 
extracted  from  HEK293  cells  and  processed  in  parallel  served  as  neg¬ 
ative  control. 

Expression,  Myc  Tagging,  Immunoprecipitation,  and  Purification  of 
hCLCA2 — Lung  expression  of  hCLCA2  was  analyzed  by  staining  sec¬ 
tions  of  paraffin-embedded,  formaldehyde  (4%)-fixed  tissue  with  rabbit 
anti-hCLCA2  antiserum  (pAb  4)  at  a  1:100  dilution  (13,  22).  Preimmune 
serum  used  at  the  same  dilution  served  as  control.  Myc-tagged  hCLCA2 
constructs  were  generated  as  described  and  transfected  into  80%  con¬ 
fluent  HEK293  using  the  LipofectAMINE™  Plus  protocol  (Life  Tech¬ 
nologies)  (19).  Immunoprecipitated  and  immunopurified  hCLCA2  were 
from  extracts  of  transfected  HEK293  cells  (48  h  after  transfection), 
using  anti-Myc  mAb  9E10-conjugated  goat  anti -mouse  IgG  Dynabeads 
(or  Protein  G  beads).  Surface  expression  of  hCLCA2  was  confirmed  by 
cell  surface  biotinylation  (100  pg/ml  Biotin  AT-hydroxysuccinimide)  (25). 
Western  blot  analyses  were  done  with  anti-Myc  mAb  9E10  (19). 

Isolation,  Purification,  and  Phosphorylation  of  the  f)4  Integrin  Ligand 
ofhCLCAZ — The  tumor  cell  ligand  of  hCLCA2  was  isolated  from  lysates 
of  surface-biotinylated  MDA-MB-231  breast  cancer  cells  bound  to  a 
monolayer  of  transiently  transfected  Myc-hCLCA2-HEK293  cells  by 
co-immunoprecipitation  with  anti-Myc  mAb  9E10.  In  brief,  MDA-MB- 
231  cells  (5  X  104  tumor  cells/cm2  of  HEK293  monolayer  surface)  were 
allowed  to  adhere  to  Myc-hCLCA2-HEK293  monolayers  (or  control 
vector-transfected  HEK293  monolayers)  during  a  20-min  incubation 
period.  After  removing  unbound  tumor  cells  by  washing,  bound  tumor 
cells  and  HEK293  cells  were  extracted  in  lysis  buffer  (26,  27),  and 
extracts  were  subjected  to  immunoprecipitation  with  anti-Myc  mAb 
9E10.  Immunoprecipitates  were  resolved  by  SDS-PAGE  (6%  polyacryl¬ 
amide),  blotted  to  nitrocellulose,  and  probed  with  streptavidin-HRP  or 
anti-04  mAb  3E1  followed  by  HRP-conjugated  secondary  antibody.  Al¬ 
ternatively,  the  hCLCA2  tumor  cell  ligand  was  isolated  by  affinity 
chromatography  from  surface-biotinylated  MDA-MB-231  cells  using 
Myc-hCLCA2-conjugated  anti-Myc  mAb  9E10/goat  anti-mouse  IgG 
Dynabeads.  Beads  were  boiled  in  SDS-sample  buffer,  and  proteins  were 
resolved  by  SDS-PAGE  and  blotted  to  nitrocellulose.  Blots  were  probed 
with  streptavidin-HRP,  anti-04  mAb  3E1,  or  anti-Myc  mAb  9E10.  Pu¬ 
rification  of  04  was  accomplished  with  anti-04  mAb  3El-conjugated 
Protein  G  beads  from  lysates  of  MDA-MB-231  cells  (10s  cells/prepara¬ 
tion).  To  further  corroborate  the  specificity  of  the  /34/hCLCA2  adhesion, 
MDA-MB-231  cancer  cells  were  labeled  with  H332P04  (0.5  mCi/ml)  in 
phosphate-free  DMEM  for  4  h  at  37  °C  and  then  seeded  onto  BSA-, 
fibronectin-,  hCLCA2-,  laminin-,  and  poly-L-lysine-coated  dishes  and 
incubated  for  20  min  at  37  °C.  Cell  lysates  were  immunoprecipitated 
with  anti-04  mAb  3E1,  and  precipitates  were  resolved  by  SDS-PAGE, 
treated  with  1  M  KOH  for  2  h  at  55  °C,  and  autoradiographed  to 
visualize  04  integrin  tyrosine  phosphorylation  (28). 

Gel  Overlay  (Far  Western) — 04  (immunopurified  from  MDA-MB-231), 
0i  (a50i),  and  03  («v0 3)  (both  from  Chemicon)  integrins  were  resolved  by 
SDS-PAGE,  blotted  to  nitrocellulose,  denatured  with  2.5  M  guanidine, 
and  renatured  in  5%  milk  in  Tris-buffered  saline  containing  0.1% 
Tween  20  (29).  Blots  were  incubated  with  Myc-tagged  hCLCA2  (over¬ 
night;  4  °C),  and  bound  hCLCA2  was  detected  with  anti-Myc  mAb 
9E10,  followed  by  HRP-conjugated  secondary  antibody.  Controls  in¬ 
cluded  blots  probed  with  antibody  alone.  Positions  on  the  gel  and 
loading  quantities  of  the  0  integrins  were  determined  in  parallel  West¬ 
ern  blots. 
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Fig.  2.  The  fS4  integrin  mediates  adhesion  of  breast  cancer  cells  to  endothelial  hCLCA2.  A,  adhesion  of  MDA-MB-231,  MDA-MB-435, 
and  MCF7  human  breast  cancer  cells  to  hCLCA2  was  tested  in  microtitration  plates  coated  with  ~3  pg/ml  recombinant  hCLCA2  (overnight;  4  °C). 

B,  adhesion  of  MDA-MB-231  cells  to  Myc-tagged  hCLCA2  from  successive  elution  fractions  of  an  anti-Myc  mAh  9E10-immunoaffinity  column. 
Protein  G  beads  conjugated  with  anti-Myc  mAh  9E10  were  incubated  with  extracts  from  HEK293  cells  transfected  with  Myc-tagged  hCLCA2 
(overnight;  4  °C),  and  bound  protein  was  eluted  with  200  mM  glycine  (pH  2.8)  in  150  mM  NaCl  and  0.5%  octyl-/3-glucoside.  Elutes  were  collected 
in  1-ml  fractions  in  0.1  volume  of  1  M  Tris  (pH  11)  to  yield  a  final  pH  of  8.2.  Each  fraction  was  evaluated  for  MDA-MB-231  adhesion  and  protein 
content  by  Western  blotting  with  anti-Myc  mAh  9E10.  Adhesion  values  correlate  well  with  the  amount  of  hCLCA2  protein  in  the  column  fraction. 

C,  surface-biotinylated  or  untreated  MDA-MB-231  cells  bound  to  HEK293  cell  monolayers  transfected  with  Myc-hCLCA2  ( lanes  1)  or  HEK293  cell 
monolayers  transfected  with  vector  alone  ( lanes  2)  (see  “Experimental  Procedures”)  were  extracted  in  lysis  buffer  containing  5  mM  EGTA.  Extracts 
were  subjected  to  immunoprecipitation  with  anti-Myc  mAh  9E10,  and  SDS-PAGE-resolved  and  blotted  precipitates  were  probed  with  streptavidin- 
HRP  ( left  panel),  anti-/34  mAh  3E1  ( middle  panel),  or  anti-Myc  mAh  9E10  ( right  panel).  D,  anti-fi4  pAb  H101  immunoprecipitate  from  extracts  of 
MDA-MB-231  bound  to  Myc-tagged  hCLCA2-transfected  ( lanes  1)  or  vector-transfected  (lane  2)  HEK293  monolayers  were  probed  by  Western  blot 
with  anti-Myc  mAh  9E10  (left  panel)  or  anti-|34  mAh  3E1  (right  panel). 


Transfection  ofK-Balb/3T3  Cells  with  p4  cDNA — Wild-type  /34  cDNA 
cloned  into  the  expression  vector  pRC-CMV  was  from  Dr.  F.  G.  Gian- 
cotti.  K-Balb/3T3  cells  at  70%  confluence  were  stably  transfected  with 
/34  cDNA  by  electroporation  and  selected  for  G418  resistance.  Controls 
were  K-Balb/3T3  cells  transfected  with  vector  alone.  Cells  were  used  for 
(a)  FACS  to  quantify  04  surface  expression  (25),  (b)  adhesion  to  immu- 
nopurified  mCLCAl  (14),  and  (c)  lung  colony  assays  (12-14). 

FACS  Analyses,  Adhesion,  and  Lung  Colony  Assays — FACS  analy¬ 
ses,  adhesion  assays,  and  lung  colony  assays  were  performed  as  previ¬ 
ously  described  in  detail  by  our  laboratory  (12-14,  25). 

RESULTS 

HCLCA2  Expression  by  Endothelia  of  the  Lung  Vasculature — 
Human  CLCA2  was  cloned  from  a  human  lung  cDNA  library, 
and  its  amino  acid  sequence,  protein  processing,  transmem¬ 
brane  topography,  and  channel  properties  are  described  else¬ 
where  (19).  Northern  blot  hybridization  and/or  RT-PCR  re¬ 
vealed  epithelial  expression  of  hCLCA2  in  the  mammary  gland 
and  trachea  (19),  while  RT-PCR  and  immunohistochemistry 
demonstrated  endothelial  cell  expression  in  the  lungs  (Fig.  1). 
In  the  latter,  hCLCA2  protein  was  expressed  selectively  in 
endothelia  of  small  pulmonary  arteries,  arterioles,  and  sub- 
pleural  and  interlobular  venules  (Fig.  1,  A-F),  while  endothelia 
in  other  tissues  including  brain,  liver,  pancreas,  kidney,  ali¬ 
mentary  tract,  testis,  ovary,  adrenal  gland,  thyroid,  and  skel¬ 
etal  muscle  were  negative  (data  not  shown).  Strong  hCLCA2 
expression  was  also  observed  in  cultured  HMVEC-L  lung  mi- 
crovascular  endothelial  cells,  while  a  weak  hCLCA2  expression 
was  recorded  for  endothelial  cells  derived  from  human  aorta 
(HAEC)  and  umbilical  vein  (HUVEC)  (Fig.  1 G).  Expression  of 
hCLCA2  protein  in  HMVEC-L  was  confirmed  by  FACS,  using 
the  same  polyclonal  antibody  that  had  been  employed  in  the 
immunohistochemical  studies  (Fig.  1 H). 

hCLCA2  Mediates  Adhesion  of  Human  Breast  Cancer  Cells 


via  the  fi4  Integrin — The  selective  expression  of  hCLCA2  on 
endothelia  of  lung  blood  vessels,  which  recently  were  impli¬ 
cated  with  location  of  tumor  cell  arrest  and  early  intravascular 
micrometastasis  formation  by  in  situ  epifluorescence  micros¬ 
copy  (11),  suggested  that  hCLCA2  could  serve  as  the  human 
counterpart  of  Lu-ECAM-1  and  might  play  a  major  role  in  lung 
metastasis  of  blood-borne  human  cancer  cells.  To  test  this 
hypothesis,  we  selected  three  human  breast  cancer  cells  with 
different  biological  behaviors  for  adhesion  to  recombinant  Myc- 
tagged  hCLCA2  immunopurified  from  transfected  HEK293 
cells.  The  first  cell  line  was  MDA-MB-231,  which  efficiently 
colonizes  the  lungs  of  nude  mice  following  tumor  formation 
from  cancer  cells  injected  into  mammary  fat  pads  (orthotopic 
tumor  xenografts)  or  intravenous  injection;  the  second  cell  line 
was  MDA-MB-435,  which  only  forms  lung  metastases  from 
orthotopic  tumor  xenografts  but  not  after  intravenous  injec¬ 
tion;  and  the  third  cell  line  was  MCF7,  which  is  nonmetastatic 
by  either  of  the  two  modalities  (20).  Consistent  with  the  pro¬ 
posed  role  of  hCLCA2  in  lung  metastasis,  only  MDA-MB-231 
cells  adhered  in  strong  numbers  to  recombinant  hCLCA2  (Fig. 
2A).  Adhesion  correlated  with  the  amount  of  Myc-tagged 
hCLCA2  protein  present  in  elution  fractions  from  anti-Myc 
mAb  9E10  immunoafflnity  columns  and  was  dependent  upon 
serum  activation  of  tumor  cells  (Fig.  2 B).  To  identify  the  tumor 
cell  molecule  that  served  as  the  ligand  for  hCLCA2,  surface- 
biotinylated  MDA-MB-231  cancer  cells  were  allowed  to  bind  to 
confluent  monolayers  of  Myc-tagged  hCLCA2-  or  vector-trans¬ 
fected  HEK293  cells,  yielding  tumor  cell  adhesion  values  of 
~75%  for  Myc-hCLCA2-HEK293  monolayers  and  25%  for  vec¬ 
tor-transfected  HEK293  monolayers.  Myc-hCLCA2-HEK293 
monolayers  were  extracted  together  with  bound  tumor  cells, 
and  extracts  were  subjected  to  immunoprecipitation  with  anti- 
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Fig.  3.  The  04  integrin  expression  correlates  with  hCLCA2 
adhesion  and  lung  colonization:  FACS  analyses  of  MDA-MB-231 
(A),  MDA-MB-435  (435)  and  MDA-MB-435L2  (435L2)  (B),  MDA- 
MB-468  (C),  and  MCF7  CD).  Tumor  cells  were  stained  with  either 
mouse  anti-04  mAh  3E1  ( open  histogram)  or  mouse  IgG  (gray  filled, 
histogram)  and  fluorescein  isothiocyanate-conjugated  goat-anti  mouse 
IgG  secondary  antibody  and  then  subjected  to  FACS  analyses.  The 
percentage  of  tumor  cell  adhesion  to  hCLCA2-coated  dishes  (3  /irg/ml) 
and  the  number  of  lung  colonies  formed  by  each  breast  cancer  cell  line 
are  displayed  as  insets. 

Myc  mAb  9E10.  Precipitated  proteins  resolved  by  SDS-PAGE 
and  blotted  to  nitrocellulose  were  then  probed  with  streptavi- 
din-HRP.  A  single  band  of  molecular  size  205  kDa  was  identi¬ 
fied  that  by  Western  analysis  with  anti-04  mAb  3E1  was  shown 
to  be  04  integrin  (Fig.  2C).  Subsequent  immunoprecipitation  of 
Myc-hCLCA2-HEK293/MDA-MB-231  cell  extracts  with  an¬ 
ti-04  pAb  H101  and  Western  probing  of  the  precipitate  with 
anti-Myc  mAb  9E10  identified  hCLCA2,  further  confirming  the 
04  integrin/hCLCA2  adhesion  (Fig.  2D).  Controls  conducted 
with  MDA-MB-231  cancer  cells  bound  unspecifically  to  vector- 
transfected  HEK293  monolayers  did  not  yield  any  precipitate. 
Expansion  of  our  initial  hCLCA2/tumor  cell  adhesion  studies  to 
MDA-MB-435L2,  MDA-MB-468,  and  MDA-MB-453  breast  can¬ 
cer  cell  lines  supported  the  close  correlation  between  surface 
expression  of  the  04  integrin,  hCLCA2  adhesion,  and  lung 
colonization  (Fig.  3,  A-D).  For  example,  the  consistently  high 
lung  colonization  potential  of  the  MDA-MB-231  cell  line  corre¬ 
lated  with  high  levels  of  04  integrin  expression  and  hCLCA2 
adhesion,  while  modest  lung  colonization  of  the  MDA-MB- 
435L2  cell  line  was  associated  with  modest  04  expression  and 
hCLCA2  adhesion  (Fig.  3,  A-D).  All  other  breast  cancer  cell 
lines  were  unable  to  form  lung  colonies  and,  with  the  exception 
of  the  MDA-MB-468  cell  line,  expressed  low  or  nondetectable 
levels  of  the  04  integrin  and  adhered  poorly  to  hCLCA2  (Fig.  3, 
A-D).  In  the  metastatically  incompetent  MDA-MB-468  cell 
line,  an  intermediate  level  of  04  expression  correlated  with  a 
well  differentiated,  near  normal  cellular  phenotype  in  vitro  and 
slow  adenomatous  growth  in  vivo,  implying  that  the  MDA-MB- 
468  cell  line  represents  an  early  stage  in  tumor  progression. 

Since  isolation  of  the  04  integrin-hCLCA2  complex  from 
MDA-MB-23 1/Myc-hCLC A2-HEK293  extracts  and  hCLCA2  af¬ 
finity  purification  of  the  04  integrin  from  MDA-MB-231  ex- 
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Fig.  4.  Documentation  of  the  04  integrin/hCLCA2  adhesion  by 
far  Western  analysis.  Immunopurified  integrins  04  (a604),  0i  (a50i), 
and  03  (ov03)  (A)  and  hCLCA2  (B)  were  resolved  by  SDS-PAGE  and 
blotted  to  nitrocellulose  and  then  probed  immediately  with  the  respec¬ 
tive  anti-0  integrin  antibodies  (A)  or  anti-Myc  mAb  9E10  ( B )  to  confirm 
equal  protein  loading  (W).  After  successive  denaturing  and  renaturing 
cycles  (29),  parallel  blots  were  incubated  with  immunopurified  Myc- 
hCLCA2  (lanes  1,  3,  and  5)  or  1%  BSA  ( lanes  2,  4,  and  6)  (A)  or  with 
immunopurified  04  integrin  ( lane  1)  or  1%  BSA  (lane  2)  ( B )  and  probed 
with  anti-Myc  mAb  9E10  (A)  or  anti-04  pAb  H101  (B),  respectively.  In 
A  only  the  04  integrin  is  able  to  bind  Myc-hCLCA2  (lane  1).  Note  that 
the  04  used  in  this  study  appears  as  a  triplet  of  205,  180,  and  150  kDa 
(W),  since  it  has  been  extracted  from  MDA-MB-231  cells  in  lysis  buffer 
in  the  absence  of  5  mM  EGTA  (26,  27).  In  B,  immobilized  hCLCA2 
strongly  binds  the  04  integrin  (lane  1),  but  not  anti-04  antibody  alone 
(lane  2). 

tracts  (data  not  shown)  were  unable  to  rule  out  participation  of 
an  unknown,  intermediary  molecule  in  the  binding  of  hCLCA2 
to  04  integrin,  the  04/hCLCA2  partnership  was  further  exam¬ 
ined  by  Far  Western  analysis.  To  accomplish  this,  adhesion 
receptor  and  ligand  were  first  immunopurified  from  hCLCA2- 
transfected  HEK293  cells  and  MDA-MB-231  cells,  respectively, 
and  their  purity  was  assessed  by  SDS-PAGE  and  silver  stain¬ 
ing.  After  subjecting  the  SDS-PAGE  resolved,  blotted  04  inte¬ 
grin  to  cycles  of  denaturing  and  renaturing,  blots  were  probed 
with  Myc-tagged  hCLCA2,  and  hCLCA2-binding  to  04  was 
visualized  by  anti-Myc  antibodies.  hCLCA2  strongly  and  spe¬ 
cifically  bound  to  04  integrin,  but  not  to  the  control  0  integrin 
subunits  04  and  03  (Fig.  4A,  lanes  1,  3,  and  5).  Control  blots 
incubated  with  anti-Myc  antibody  alone  were  negative  (Fig.  4A, 
lanes  2,  4,  and  6).  Western  blotting  (Fig.  4A,  lanes  marked  W) 
confirmed  positions  and  equal  loading  amounts  of  the  three  0 
integrins.  To  further  scrutinize  the  specificity  of  the  04/ 
hCLCA2  adhesion,  Far  Western  analyses  were  also  conducted 
with  blot-immobilized  hCLCA2  (Fig.  4B,  lane  W)  that  was 
probed  with  soluble  04  integrin  immunopurified  from  MDA- 
MB-231  cell  extracts.  Binding  of  the  04  integrin  to  hCLCA2  was 
confirmed  by  staining  with  anti-04  pAb  H101  (Fig.  4 B,  lane  1), 
while  blots  that  were  stained  with  antibody  alone  in  the  ab¬ 
sence  of  04  integrin  were  negative  (Fig.  4 B,  lane  2). 

Specificity  of  the  04  Integrin  IhCLCA2  Adhesion — The  speci¬ 
ficity  of  the  04  integrin/hCLCA2  adhesion  was  confirmed  by 
adhesion  blocking  experiments  involving  antibodies  directed 
against  either  of  the  interacting  adhesion  molecules.  Dramatic 
adhesion  inhibition  was  seen  only  for  anti-hCLCA2  pAb  18  and 
anti-04  mAb  3E1,  while  all  other  antibodies  tested  had  no  effect 
on  the  04/hCLCA2  adhesion  (Fig.  5,  A  and  B).  Neither  of  the 
two  anti-hCLCA2  antibodies  had  any  effect  on  the  adhesion  of 
MDA-MB-231  cells  to  human  placenta-derived  laminin  used  as 
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Fig.  5.  Specificity  of  the  04  integrin/hCLCA2  adhesion.  A-C, 
MDA-MB-231/hCLCA2  and  MDA-MB-23 1/laminin  adhesion  inhibition 
experiments  were  done  in  microtitration  plates  coated  with  3  /xg/ml 
hCLCA2  or  7.5  pg/ml  placental  laminin,  using  anti-hCLCA2  antibodies 
(pAbs  4  and  18)  (A),  anti-04  antibodies  (3E1;  81435,  450-9D)  and 
anti-a6  antibodies  (GoH3)  (B),  and  functional  anti-01  antibodies  (2253) 
(C).  Anti-hCLCA2  pAb  18  and  anti-04  mAb  3E1  specifically  block  the 
adhesion  of  MDA-MB-231  to  hCLCA2  but  not  anti-01  mAb  2253.  D, 
matrilysin  treatment  of  MDA-MB-231  cells  abolishes  adhesion  to 
hCLCA2  but  not  to  placental  laminin  and  causes  degradation  of  the 
205-kDa  04  integrin  (Western  blot,  lane  2)  but  not  the  0,  integrin 
(Western  blot,  lane  4).  Western  lanes  1  and  3  are  untreated  controls.  E, 
MDA-MB-231  cancer  cells  were  labeled  in  phosphate-free  DMEM  con¬ 
taining  H332P04  at  a  final  concentration  of  0.5  mCi/ml  for  4  h  at  37  °C 
and  then  seeded  onto  BSA  (10  pg/mlj-,  fibronectin  (5  pg/ml)-,  hCLCA2 
(3  pg/ml)-,  placental  laminin  (7.5  /xg/ml)-,  and  poly-L-lysine  (1  mg/ml)- 
coated  dishes,  incubated  for  20  min  at  37  °C,  and  lysed.  Lysates  were 
immunoprecipitated  with  anti-04  mAb  3E1,  and  precipitates  were  re¬ 
solved  by  SDS-PAGE  and  treated  with  1  M  KOH  for  2  h  at  55  °C. 
Tyrosine-phosphorylated  proteins  are  visualized  by  autoradiography.  *, 
Student’s  t  test;  p  <  0.01  (mean  ±  S.D.  from  four  experiments). 


a  control  substrate,  while  both  anti-04  antibodies  3E1  and 
81435  inhibited  laminin  adhesion  of  MDA-MB-231  cells  (Fig.  5, 
A  and  B).  To  exclude  a  possible  participation  of  the  a60!  inte¬ 
grin,  expressed  in  all  human  breast  cancer  cell  lines  used  in 
this  study,  in  the  hCLCA2  adhesion,  functional  anti-0,  anti¬ 
bodies  (mAb  2253)  were  tested  and  found  to  be  ineffective  in 
blocking  the  adhesion  between  MDA-MB-231  cells  and 
hCLCA2  but  effective  in  blocking  the  adhesion  to  placenta 
laminin  (Fig.  5 C). 

In  a  second  series  of  experiments,  we  show  that  selective 
cleavage  of  the  04  integrin  ectodomain  with  matrilysin  (30) 
totally  abolishes  MDA-MB-231  adhesion  to  hCLCA2  yet  had  a 
negligible  effect  on  the  adhesion  to  placental  laminin  (Fig.  5 D). 
These  adhesion  data  were  supported  by  Western  analyses 
showing  specific  cleavage  of  the  205-kDa  04  protein  but  not  the 
0!  integrin  in  matrilysin-treated  tumor  cells.  Finally,  we  ex¬ 
amined  whether  the  MDA-MB-231  04  integrin  was  activated 
selectively  when  tumor  cells  were  plated  onto  surfaces  coated 
with  hCLCA2  (Fig.  5E).  Data  showed  prominent  tyrosine  phos¬ 


phorylation  of  04  integrin  in  tumor  cells  bound  to  hCLCA2  and 
to  placental  laminin  (31,  32).  In  contrast,  fibronectin  generated 
only  a  weak  tyrosine  phosphorylation  reaction,  and  BSA  and 
poly-L-lysine  had  no  effect  (Fig.  5 E). 

Lung  Metastasis  Is  Inhibited  by  04/ hCLCA2  Adhesion-block¬ 
ing  Antibodies — To  test  whether  the  adhesion-inhibitory  effects 
of  anti-hCLCA2  and  anti-04  integrin  antibodies  extended  to  an 
inhibition  of  lung  metastasis,  we  performed  lung  colony  assays 
in  nude  mice  with  the  lung  metastatic  breast  cancer  cell  line 
MDA-MB-231  in  the  presence  of  these  antibodies.  Prior  to 
conducting  these  assays,  we  established  that  human  MDA-MB- 
231  cells  were  able  to  adhere  to  mCLCAl  (Table  I),  the  mouse 
counterpart  of  hCLCA2,  and  that  this  adhesion  was  inhibited 
with  anti-Lu-ECAM-1  mAb  6D3  (22)  (cross-reacts  with 
mCLCAl)  and  anti-04  integrin  mAb  3E1.  Anti-04  mAb  3E1  was 
preincubated  for  30  min  and  injected  together  with  tumor  cells, 
while  mAb  6D3  was  injected  with  tumor  cells  without  preincu¬ 
bation.  Control  experiments  were  conducted  in  the  presence  of 
nonimmune  mouse  IgG.  Mice  sacrificed  15  weeks  later  revealed 
that  both  antibodies  effectively  blocked  the  colonization  of  the 
lungs  by  MDA-MB-231  cells,  causing  an  84%  inhibition  of  lung 
metastasis  with  mAb  6D3  and  a  100%  inhibition  with  mAb  3E1 
relative  to  mlgG-treated  controls  (Table  I). 

Effect  of  in  Vivo  Selection  for  Lung  Metastatic  Efficiency 
Versus  04  Integrin  Transfection — To  test  whether  in  vivo  selec¬ 
tion  for  increased  lung  metastatic  performance  was  associated 
with  increased  04  expression,  we  compared  the  a6,  0j,  and  04 
expression  patterns  of  the  selected  cell  line  MDA-MB-435L2 
(20)  with  those  of  the  parental  MDA-MB-435  cell  line  and  the 
04-transfected  MDA-MB-43504  cell  line  (24).  The  parental 
MDA-MB-435  cell  line  exhibited  strong  expression  of  the  a6 
and  0!  integrin  subunits  but  only  background  levels  of  the  04 
integrin.  Accordingly,  these  tumor  cells  adhered  strongly  to 
both  placental  and  EHS  laminins  but  poorly  to  hCLCA2  (5  ± 
3%;  Fig.  6A).  The  selected  MDA-MB-435L2  expressed  compa¬ 
rable  levels  of  the  a6  and  0j  integrin  subunits  and  a  modest 
increase  in  surface  expression  of  the  04  integrin.  In  accordance 
with  this  expression  pattern,  MDA-MB-435L2  cells  adhered 
strongly  to  the  two  laminins  and  exhibited  an  increased 
adhesion  to  hCLCA2  (25  ±  3%;  Fig.  6A).  These  data  were 
contrasted  with  those  from  the  parental  MDA-MB-435  cell 
line  that  had  been  transfected  with  human  04  integrin  and 
then  selected  for  antibiotic  resistance  and  by  FACS  for  effi¬ 
cient  stable  expression  of  04  (24).  Transfectant  cells  ex¬ 
pressed  significantly  higher  levels  of  04  integrin  than  MDA- 
MB-435L2  cells  and  adhered  in  higher  numbers  to  hCLCA2 
but  in  similar  numbers  to  the  two  laminins,  since  the  expres¬ 
sion  levels  for  both  a6  and  0j  remained  unchanged.  Trans¬ 
fection  of  MDA-MB-435  cells  with  tailless  04  integrin  (04Acyt) 
underscored  requirement  of  the  “complete”  04  integrin  sub¬ 
unit  in  hCLCA2  binding,  since  adhesion  to  hCLCA2  did  not 
improve  relative  to  that  of  parental  cells  (7  ±  3%;  Fig.  6A), 
albeit  the  expression  level  of  the  truncated  04  was  equal  to 
that  of  wild-type  04  expression  in  MDA-MB-231  cells.  Con¬ 
sistent  with  published  data,  adhesion  of  04Acyt-transfected 
MDA-MB-435  cells  to  murine  EHS  laminin  was  also  abol¬ 
ished  (24),  but  not  to  human  placental  laminin  (33). 

As  shown  in  Fig.  3,  04  cell  surface  expression  and  hCLCA2 
adhesion  correlated  well  with  lung  colonization  of  the  estab¬ 
lished  cell  lines  MDA-MB-231,  MDA-MB-435L2,  and  MDA- 
MB-435.  Median  and  range  of  the  number  of  lung  colonies  were 
30  (5-100),  5  (0-17),  and  0  (0-3),  respectively.  To  our  surprise, 
however,  the  04-transfected  cell  line  MDA-MB-43504  was  un¬ 
able  to  produce  lung  colonies  following  a  15-week  incubation 
period  in  nude  mice,  although  the  parental  cell  line  MDA-MB- 
435  is  known  to  produce  lung  metastases  after  orthotopic  tu- 
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Table  I 

Inhibition  of  lung  colonization  by  the  human  breast  cancer  cell  line  MDA-MB-231  with  anti-mCLCAl  and  anti-p4  integrin  antibodies 


Cell  line 

Treatment 

Adhesion  to 
mCLCAla 

Mice  with  lung 
metastases 

Lung  metastasis  median 
(range)6 

MDA-MB-231 

mIgGc 

65  ±  5 

9/9 

>100  (32— >100) 

MDA-MB-231 

mAb  6D3rf 

9  ±  2 

2/5 

16  (0-38) 

MDA-MB-231 

mAb  3E1" 

8  ±  3 

1/5 

0  (0-1) 

“  mCLCAl  was  immunopurified  from  mCLCAl-transfected  HEK293  cells  using  anti-Lu-ECAM-1  mAb  6D3. 

b  Nude  mice  were  injected  via  the  lateral  tail  vein  with  5  X  10s  tumor  cells/mouse/0.3  ml  of  DMEM  in  the  presence  of  mouse  nonimmune  IgG, 
anti-Lu-ECAM-1  mAh  6D3,  or  anti-|34  Mab  3E1,  all  at  200  pg/mouse.  Animals  were  sacrificed  15  weeks  after  tumor  cell  injection,  and  the  number 
of  lung  colonies  was  counted  under  a  dissecting  microscope.  Two  mice  in  the  mouse  IgG-treated  group  died  due  to  metastatic  disease  before 
termination  of  the  experiment,  the  first  at  8  weeks,  the  second  at  12  weeks  after  injection  of  tumor  cells. 

c  Mouse  nonimmune  IgG. 

d  Mouse  anti-Lu-ECAM-1  mAh  6D3  cross-reacts  with  mCLCAl. 

‘  Mouse  anti-human  p4  mAb  3E1. 


mor  growth  in  mammary  fat  pads  of  nude  mice  and  in  vivo 
selection  of  these  cells  yielded  a  cell  line  with  transiently  en¬ 
hanced  lung  colonization  potential  (MDA-MB-435L2)  (20), 
which  was  lost  gradually  with  increasing  passage  number.  To 
explore  whether  differences  in  the  quality  of  the  j34  integrin 
expression  on  the  surface  of  MDA-MB-231  and  MDA-MB-435jS4 
cancer  cells  may  have  accounted  for  the  discrepancy  in  the 
metastatic  behavior,  we  examined  the  association  between  the 
/34  integrin  and  its  presumed  a6  partner  in  the  two  cell  lines. 
Surface-biotinylated  cancer  cells  were  first  subjected  to  immu- 
noprecipitation  with  anti-/34  pAb  H101.  As  expected,  the 
amounts  of  fi4  detected  in  streptavidin-HRP-probed  blots  were 
comparable  with  that  identified  by  FACS  (Fig.  6,  A  and  B ). 
Next,  the  same  tumor  cell  extracts  were  subjected  to  immuno- 
precipitation  with  anti-a6  mAh  GoH3,  and  precipitates  were 
analyzed  for  |34-co-immunoprecipitation.  Surprisingly,  only  the 
(i4  of  MDA-MB-231  cells  was  effectively  co-precipitated  with  a6, 
while  negligible  amounts  of  j34  were  co-precipitated  from  MDA- 
MB-435/34  cells  and  none  from  MDA-MB-435  (Fig.  6B,  lanes 
1-3).  Since  j34Acyt  is  also  effectively  co-immunoprecipitated 
with  a6  from  MDA-MB-435 j34Acyt  extracts  (Fig.  6 B,  lane  4),  our 
data  imply  that  wild-type  |34  transfected  into  MDA-MB-435 
cells  may  interact  with  an  intrinsic  protein  that  affects  co- 
immunoprecipitation  with  a6  and  metastasis  but  not  in  vitro 
adhesion  to  hCLCA2. 

Transfection  of  Kirsten-Ras-transformed  Balb/3T3  Cells 
with  P4  Promotes  Adhesion  to  hCLCAZ  and  Lung  Coloniza¬ 
tion — To  determine  whether  overexpression  of  the  j34  integrin 
in  a  cell  line  that  expresses  low  levels  of  j34  integrin  and, 
accordingly,  has  modest,  yet  consistent,  lung  metastatic  capa¬ 
bilities,  we  chose  a  murine  over  a  human  tumor  model.  The 
former  had  the  significant  advantage  that  the  metastatic  per¬ 
formance  could  be  tested  in  a  syngeneic  rather  than  a  hetero- 
geneic  animal.  Moreover,  the  induction  time  of  generating  mac- 
roscopically  detectable  lung  colonies  was  only  3-4  weeks  in 
syngeneic  animals  (13-15)  versus  a  minimum  of  15  weeks  in  a 
human/mouse  model  (20).  The  cell  line  we  selected  was  the 
Kirsten-Ras-transformed  Balb/3T3  cell  line,  which  expressed 
low  levels  of  the  p4  integrin  and  consistently  produced  a  mod¬ 
erate  number  of  lung  colonies  upon  tail  vein  injection.  These 
tumor  cells  were  transfected  with  /34  integrin  cDNA  or  vector 
alone,  and  stable  transfectants  were  selected  based  on  antibi¬ 
otic  resistance.  Expression  of  the  fi4  integrin  was  confirmed  by 
FACS  and  surface  biotinylation,  both  methods  indicating  a 
significantly  increased  surface  expression  of  (34  integrin,  which 
was  co-immunoprecipitable  with  a6,  in  j34-transfected  relative 
to  vector-transfected  cells  (Fig.  7A).  Prior  to  conducting  a  lung 
colony  assay,  adhesion  assays  were  performed  with  mCLCAl, 
the  mouse  counterpart  of  hCLCA2.  Adhesion  of  /34-transfected 
K-Balb  cells  to  mCLCAl  was  66  ±  5%  relative  to  9  ±  4%  for 
mock-transfected  K-Balb  cells  (Fig.  IB).  These  adhesion  data 


paralleled  the  metastatic  performance  of  the  two  cell  lines.  The 
]34-transfected  K-Balb  cells  injected  at  2  X  106  cells/mouse 
generated  a  median  number  of  >100  colonies  (69— >100),  while 
the  mock-transfected  cell  line  only  generated  24  (15-29)  lung 
colonies  (Fig.  IB).  This  difference  was  also  reflected  in  the 
average  lung  weights  of  the  two  experimental  groups,  meas¬ 
uring  0.71  ±  0.22  g  in  ]S4  transfectants  and  0.45  ±  0.02  g  in 
mock  transfectants. 

DISCUSSION 

In  this  report,  we  describe  a  novel  adhesion  receptor/ligand 
pair  that  mediates  colonization  of  the  lungs  by  human  breast 
cancer  cells  and  possibly  other  cancer  cell  types.  The  pair 
consists  of  lung  endothelial  cell  hCLCA2  and  breast  cancer  cell 
]34  integrin.  Human  CLCA2  is  expressed  by  endothelia  lining 
arterial  and  venous  branches,  all  presumably  derived  from  the 
bronchial  artery,  while  prominent  expression  of  the  fl4  integrin 
has  been  associated  with  the  invasive  and  metastatic  pheno¬ 
types  of  breast  cancer  cells  (24,  34-37).  The  location  of  MDA- 
MB-231  breast  cancer  metastases  in  mouse  lungs  is  consistent 
with  the  vascular  expression  pattern  of  the  mouse  counterpart 
of  hCLCA2  (mCLCAl)  (10)  as  well  as  the  recently  established 
pattern  of  lung  metastases  by  in  situ  epifluorescence  micros¬ 
copy  (11).  The  binding  interaction  between  the  two  lung  me¬ 
tastasis-promoting  adhesion  molecules  is  documented  by  co- 
immunoprecipitation  of  the  adhesion  receptor/ligand  pair  from 
extracts  of  hCLCA2-transfected  HEK293  monolayers  to  which 
MDA-MB-231  cells  were  bound,  by  hCLCA2  affinity  chroma¬ 
tography,  and  by  adhesion  and  metastasis  inhibition  experi¬ 
ments  using  functional  antibodies.  Participation  of  an  “inter¬ 
mediary  binding  molecule”  in  the  /34  integrin/hCLCA2  adhesion 
was  excluded  by  Far  Western  analyses,  using  blotted  immuno¬ 
purified  j34  or  Myc-hCLCA2  and  the  corresponding  purified 
adhesion  partner  as  probe.  Strong  and  specific  binding  between 
blotted  integrin  and  Myc-hCLCA2  indicated  that  the  fi4 
integrin  was  able  to  recognize  its  endothelial  cell  receptor  even 
after  undergoing  a  vigorous  denaturing/renaturing  treatment, 
suggesting  that  the  usually  required  interaction  between  a  and 
j3  integrin  subunits  (38,  39)  and/or  other  interacting  cell  surface 
and  intracellular  molecules  (40,  41)  is  not  a  mandate  for  the  j34 
integrin/hCLCA2  adhesion  function  in  vitro.  This  behavior  is 
similar  to  that  recently  reported  for  the  fi4  integrin/Shc  adhe¬ 
sion,  using  blotted  j34  integrin  under  denaturing/renaturing 
Far  Western  conditions  (42). 

Molecular  cloning  of  hCLCA2  from  a  lung  cDNA  library  and 
biochemical  and  functional  characterization  of  hCLCA2  protein 
have  shown  that  the  molecule  shares  many  of  the  characteris¬ 
tics  of  the  other  CLCA  family  members  (18).  The  adhesion 
function  of  CLCA  channel  proteins  is  perplexing  but  not  with¬ 
out  precedent.  Studies  involving  the  cystic  fibrosis  transmem¬ 
brane  conductance  regulator  have  shown  that  this  chloride 
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Fig.  6.  Effect  of  in  vivo  selection  versus  04-transfection  on 
hCLCA2  adhesion  of  human  breast  cancer  cells.  A,  MDA-MB-231, 
MDA-MB-435,  MDA-MB-435L2,  MDA-MB-43504,  and  MDA-MB- 
43504Acyt  were  analyzed  for  a6,  04,  and  04  expression  by  FACS,  and  the 
expression  patterns  were  contrasted  with  adhesion  to  hCLCA2  and 
EHS  ( bars  1)  and  placental  {bars  2)  laminins  (coated  at  3  pg/ml,  20 
pg/ml,  and  7.5  pg/ml,  respectively).  In  vivo  selection  of  MDA-MB-435 
for  enhanced  lung  colonization  (MDA-MB-435L2)  (20)  and  stable  04 
transfection  of  MDA-MB-435  (MDA-MB-43504)  (24)  increases  04  ex¬ 
pression  and  adhesion  to  hCLCA2,  while  adhesion  to  the  two  laminins 
remains  unchanged.  Stable  transfection  of  MDA-MB-435  with  tailless 
04  (MDA-MB-43504Acyt)  (24)  increases  04  expression  as  detected  with 
anti-04  mAb  3E1  (directed  against  the  extracellular  domain  of  the  04 
integrin),  but  04Acyt-transfectants  adhere  in  similarly  poor  numbers  to 
hCLCA2  as  parental  cells.  Adhesion  of  MDA-MB-43504Acyt  to  EHS 
laminin  {bar  1)  is  abolished,  but  not  adhesion  to  placental  laminin  {bar 


channel  protein  is  also  a  cellular  adhesion  receptor  for  Pseudo¬ 
monas  aeruginosa  (16)  and  Salmonella  typhi  (17).  In  cancer 
metastasis,  a  novel  concept  is  the  possible  involvement  of  a 
CLCA-mediated  CP  conductance  in  cancer  cell  extravasation 
by  induction  of  apoptosis  in  the  endothelium  of  the  target 
organ.  Support  for  such  involvement  came  from  recent  obser¬ 
vations  that  breast  cancer  cells  seeded  atop  a  monolayer  of 
hCLCA2-expressing  HUVEC  apparently  induce  apoptosis  in 
apposed  endothelial  cells  (43).  Endothelial  apoptosis  appears  to 
involve  expression  and  activation  of  chloride  channels  (44,  45), 
leading  to  intracellular  acidification  and,  in  turn,  activation  of 
endonucleases  and  chromatin  digestion  (44).  The  advantage  of 
a  selective  induction  of  apoptosis  in  those  endothelial  cells  to 
which  tumor  cells  are  bound  is  obvious,  since  reduction  of  the 
endothelial  cell  by  apoptotic  vesiculation  may  create  an  avenue 
for  invasion  of  perivascular  tissues  by  tumor  cells.  The  notion 
that  these  events  are  initiated  by  04/hCLCA2  adhesion  is  sup¬ 
ported  by  our  preliminary  observation  that  endothelial  cells 
incubated  with  immunopurified  04  integrin  rapidly  undergo 
apoptosis.  The  apoptotic  index  of  /^-treated  endothelial  cells 
was  26%,  relative  to  4%  in  untreated  endothelial  cells.2 

The  04  integrin  has  previously  been  linked  to  metastatic 
disease  (13, 46-49)  and  is  confirmed  here  as  a  lung  metastasis- 
associated  gene  in  breast  cancer.  Consistent  with  the  involve¬ 
ment  of  multiple  genes  in  metastasis  (1-8),  the  04  integrin,  like 
other  metastasis-associated  genes  including  MMP-2,  CD44, 
£^03  integrin,  and  <x6  integrin  (50),  is  by  itself  incapable  of 
conferring  mastery  of  the  complex,  multistep  cascade  of  metas¬ 
tasis.  This  is  exemplified  by  the  MDA-MB-468  breast  cancer 
cell  line,  which  expresses  the  a604  integrin  at  relatively  high 
levels  and,  accordingly,  is  able  to  adhere  to  hCLCA2  in  vitro  but 
fails  to  produce  metastases  upon  tail  vein  inoculation  (Fig.  3). 
When  this  cell  line  is  compared  with  a  metastatically  compe¬ 
tent,  04-expressing  cell  line  such  as  MDA-MB-231,  the  former 
expresses  a  phenotype  that  is  comparable  with  the  spontane¬ 
ously  immortalized,  nontumorigenic  04  integrin-expressing 
breast  epithelial  cell  line  MFC-10A  (51),  while  the  latter  ex¬ 
presses  an  aggressive,  invasive,  and  metastatic  phenotype  (20). 
This  difference  is  manifested  by  the  formation  of  a  contact- 
inhibited,  cobblestone-like  monolayer  in  vitro  and  adenoma¬ 
tous  growth  in  vivo  by  MDA-MB-468  cells  but  anaplastic,  criss¬ 
crossed,  and  multilayered  growth  in  vitro  and  the  formation  of 
invasive  and  metastatic  tumors  in  vivo  by  MDA-MB-231  cells 
(20).  Genotype  analyses  indicate  that  the  latter  cell  line  ex¬ 
presses  an  array  of  gene  abnormalities  that  have  been  associ¬ 
ated  with  metastasis  such  as  overexpression  of  c -erbB-2  (52), 
MTA1  (53,  54),  MT1-MMP  (55),  vimentin  (56),  a6  integrin  (57), 
and  VEGF  (58)  and  down-regulation  or  loss  of  E-cadherin  (59), 
nm23-Hl  (60),  and  MUC1  (61),  while  most  of  these  genes  are 
expressed  at  normal  or  near  normal  levels  in  MDA-MB-468 
cells  (50,  53,  55,  56,  62).  These  data  imply  that  04  integrin 
expression  leads  to  lung  metastasis  only  in  those  cancer  cells 
possessing  a  genotype  that  is  otherwise  compatible  with  me¬ 
tastasis.  A  similar  scenario  as  described  for  the  04  integrin  has 
also  been  reported  for  other  metastasis-associated  proteins  in¬ 
cluding  MMP-2,  CD44,  av03  integrin,  ae  integrin,  Rho 


2  B.  U.  Pauli,  H.-C.  Cheng,  and  M.  Abdel-Ghany,  manuscript  in 
preparation. 


2).  B,  extracts  from  surface-biotinylated  MDA-MB-231,  MDA-MB- 
43504,  MDA-MB-43504Acyt,  and  MDA-MB-435  cells  were  subjected  to 
immunoprecipitation  with  anti-04  pAb  H101  {upper  panel)  or  anti-a6 
mAb  GoH3  (lower  panel).  Immunoprecipitates  were  resolved  by  SDS- 
PAGE  (6%)  and  blotted  to  nitrocellulose  and  then  probed  with  Strepta- 
vidin-HRP.  Lane  1,  MDA-MB-231;  lane  2,  MDA-MB-43504;  lane  3, 
MDA-MB-435;  lane  4,  MDA-MB-43504Acyt. 
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LUNG  COLONY  FORMATION  BY 
P4-TRANSFECTED  K-BALB/3T3  CELLS 
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Fig.  7.  Effect  of  stable  04  transfection  of  K-Balb/3T3  cells  on 
mCLCAl  adhesion  and  lung  colony  formation.  A,  Kirsten-Ras- 
transformed  Balb/3T3  (K-Balb/3T3)  cells  were  transfected  by  electropo¬ 
ration  with  04  integrin  cDNA,  and  stable  expressors  were  selected  by 
G418  resistance.  Wild-type  K-Balb/3T3  cells  (gray  filled,  histogram), 
mock-transfected  K-Balb/3T3  cells  ( thin  open  histogram),  and  ^-trans¬ 
fected  K-Balb/3T3  cells  (thick  open  histogram )  were  stained  with  rabbit 
anti-04  pAb  H101  and  fluorescein  isothiocyanate-conjugated  goat  anti¬ 
rabbit  IgG  secondary  antibody  and  then  analyzed  by  FACS.  Inset, 
anti-04  pAb  H101  immunoprecipitates  from  extracts  of  surface-biotiny¬ 
lated  04-transfected  K-Balb/3T3  cells  (a,  lane  1)  and  mock-transfected 
K-Balb/3T3  cells  (a,  lane  2)  and  anti-<*6  mAb  GoH3  immunoprecipitates 
from  surface-biotinylated,  04-transfected  K-Balb/3T3  cells  (b,  lane  1).  B, 
lung  colony  formation  by  04-transfected  K-Balb/3T3  cells.  Balb/c  mice 
(6-weeks  old;  male)  were  injected  into  the  lateral  tail  vein  with  2  X  105 
tumor  cells  plus  0.3  ml  of  DMEM/mouse,  and  lung  weights  (g)  and 
number  of  lung  colonies  were  determined  3  weeks  after  tumor  cell 
injection.  Data  were  evaluated  by  Student’s  t  test  (unpaired  data).  *, 
p  <  0.01  (relative  to  K-Balb-Moek). 


GTPases,  and  fibronectin,  which  are  prominently  expressed  in 
many  highly  invasive  and  metastatic  tumor  cells  but  individ¬ 
ually  are  also  detected  in  benign,  nonmetastatic  tumor  cells 
and  even  normal  cells  (25,  63-67). 

While  an  early  stage  of  tumor  progression  (benign,  well  dif¬ 
ferentiated  tumor)  may  have  accounted  for  lack  of  metastasis 
in  04-expressing  MDA-MB-468  cells,  an  altered  modulation  of 
the  04  integrin  by  lateral  associations  with  other  membrane 
(and/or  cytoplasmic)  proteins  (reviewed  in  Refs.  40  and  41)  in 
04-transfected  MDA-MB-435  cells  versus  MDA-MB-231  cells 
may  have  been  responsible  for  the  observed  discrepancy  in  the 
metastatic  behavior  of  the  two  cell  lines.  Although  we  have  as 
yet  no  evidence  of  such  a  differential  lateral  association  of  the 
04  integrin  in  the  two  cell  lines,  we  show  here  that  anti-a6 
antibodies  fail  to  co-immunoprecipitate  the  04  integrin  from 
04-transfected  MDA-MB-435  cell  extracts  but  effectively  do  so 
from  MDA-MB-231  cell  extracts  (as  well  as  from  extracts  of 
immortalized  normal  breast  epithelial  cells  MCF-10A  and  be¬ 
nign  breast  tumor  cells  MDA-MB-468;  data  not  shown).  This 
differential  partitioning  of  the  04  integrin  in  MDA-MB-231  and 
MDA-MB-43504  cells,  which  incidentally  express  virtually 
identical  amounts  of  a6  and  04  integrins,  and  only  a  slightly 
reduced  level  of  04  in  the  MDA-MB-43504  cell  line  is  difficult  to 
explain.  However,  it  is  possible  that  under  our  extraction  con¬ 
ditions  (1%  Triton  X-100),  lateral  association  of  the  04  integrin 
with  an  as  yet  undetermined  membrane  or  cytoplasmic  protein 
in  04-transfected  MDA-MB-435  cells  may  have  weakened  the 
binding  interaction  between  the  a6  and  04  integrin  subunits, 
resulting  not  only  in  failure  of  the  two  integrin  subunits  to 
co-immunoprecipitate  but  also  in  inability  to  metastasize.  Con¬ 
trol  co-immunoprecipitation  of  a6  and  04Acyt  suggests  that 
such  association  is  mediated  by  the  cytoplasmic  tail  of  the  04 
integrin.  Alternatively,  our  data  may  have  been  affected  by  the 
unlikely  event  that  the  04  integrin  subunit  may  associate  with 
an  as  yet  unidentified  a  chain  to  permit  cell  surface  expression 
in  04-transfected  MDA-MB-435  tumor  cells. 

These  considerations  have  important  experimental  conse¬ 
quences  for  metastasis  research,  since  transfection  of  a  gene 
suspected  to  play  a  primary  role  in  metastasis  into  a  tumor  cell 


line  that  is  nonmetastatic  may  not  yield  the  expected  result, 
since  the  introduced  gene,  even  if  it  appropriately  associates 
with  other  membrane  proteins  to  achieve  proper  function,  may 
not  be  sufficient  in  endowing  tumors  with  mastery  over  the 
complete  metastatic  cascade.  Therefore,  we  have  relied  in  our 
transfection  studies  on  a  cell  line  that  has  a  low  lung  meta¬ 
static  potential  and,  thus,  expresses  a  gene  array  that  is  con¬ 
ducive  to  lung  metastasis  including  a  low  level  of  04  integrin 
expression.  When  the  04  integrin  is  overexpressed  in  these 
cells,  the  number  of  lung  colonies  generated  from  intravenously 
injected  tumor  cells  increases  proportional  to  the  level  of  a6 
co-immunoprecipitable  04  integrin.  Consistent  with  involve¬ 
ment  of  the  04  integrin  gene  in  metastasis,  blockage  of  the 
04/hCLCA2  adhesion  abrogates  metastasis.  Similar  effects  are 
achieved  by  blocking  other  metastasis-associated  genes  each 
facilitating  a  different  step  in  the  metastatic  cascade,  e.g. 
RhoC,  metalloproteinases,  heparatinase,  angiogenic  factors, 
dipeptidyl  peptidase  IV  (68-75). 

In  conclusion,  we  have  provided  molecular  evidence  in  sup¬ 
port  of  the  observed  link  between  04  expression  and  malignant 
progression  (reviewed  in  Ref.  21),  ascribing  a  key  role  to  the 
adhesion  mechanism  between  04  integrin  and  vascular  endo¬ 
thelial  cell  hCLCA2  in  lung  metastasis.  Although  only  a  few 
examples  of  integrin  involvement  in  cell-to-cell  adhesion  are 
known  (e.g.  leukocyte  integrins  aL02  and  aM02  bind  to  endo¬ 
thelial  cell  ICAM-1,  integrins  and  a704  to  VCAM-1,  and 
aE07  to  E-cadherin  (reviewed  in  Ref.  39)),  we  have  identified 
and  cloned  for  the  first  time  a  04  integrin-binding  protein  that 
is  an  integral  membrane  protein  and  that  is  entirely  new  as  an 
integrin-binding  partner  (15,  18).  Our  discovery  that  hCLCA2 
has  an  important  function  in  heterotypic  cell-to-cell  adhesion  in 
addition  to  that  in  Ca2+-sensitive  chloride  conductance  extends 
the  basic  knowledge  about  this  protein  and  indicates  that  ion 
channels  can  have  multiple,  seemingly  unrelated  functions 
(16-18,  44,  76). 
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